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Pulsed	laser	deposition	of	superconducting	Sr2RuO4	thin-
films	and	the	role	of	crystallographic	defects	
Sr2RuO4 (SRO214) is a prototypical unconventional superconductor. However, since the 
discovery of superconductivity a quarter of a century ago, the symmetry of the bulk and surface 
superconducting states in single-crystal SRO214 remains highly controversial. Solving this 
problem is impeded by the fact that superconducting SRO214 is extremely challenging to achieve 
in thin-films as structural defects and impurities sensitively annihilate the superconducting state. 
Despite a handful of successful results on the growth of superconducting SRO214 thin-films by 
molecular beam epitaxy (MBE), reproducible growth by pulsed laser deposition (PLD) remains 
extremely challenging. In this thesis, we developed a protocol for the reliable growth of 
superconducting SRO214 thin-films by pulsed laser deposition and identify the type of structural 
defects that are responsible for destroying superconductivity. 
We have systematically investigated the structure-electrical-properties relationship of 
epitaxial SRO214 thin-films grown by PLD on (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT). Growth 
parameters including temperature, substrate and target composition have been varied to 
understand their influence on the microstructure and electrical properties of SRO214. We also 
investigated the presence of impurities and crystallographic defects using X-ray diffraction 
techniques in conjunction with electron microscopy to identify the underlying microstructural 
features that suppress superconductivity in SRO214 thin-films.  
We demonstrate that, careful control of the starting material is essential to achieve 
superconductivity. By replacing the conventional SRO214 polycrystalline target with a single 
crystal of Sr3Ru2O7 (SRO327), we succeed in growing reproducible, high quality, 
superconducting SRO214 thin-films. By varying the SRO214 thickness, we observe the absence 
of superconductivity in films thinner than 50 nm (grown using a pulse frequency of 2 Hz). The 
suppression of superconductivity in thinner films is found to correlate to in-plane 
misorientation and mosaic twist, caused by in-plane screw dislocations that form close to the 
SRO214/LSAT interface. 
In conclusion, this work provides the first reliable pulsed laser deposition protocol for 
superconducting SRO214 thin-films. The results are of immediate interest to the 
superconducting and magnetism communities and form the foundation for a whole new 
spectrum of proximity experiments involving unconventional superconducting symmetries. 
Carla María Palomares García
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Introduction	
The discovery of superconductivity in Sr2RuO4 (SRO214)1 brought about extensive research2–5 
aimed at understanding the nature of the superconducting state including the underlying 
superconducting symmetry. SRO214 and oxide high-temperature superconductors or cuprates 
are broadly defined as being unconventional superconductors. However, despite the similarities 
that SRO214 shares with the cuprates, it has a dramatically lower critical temperature (» 1.5 K)6. 
Additionally, SRO214 is likely to have a p-wave symmetry, close to the superfluid7 He3, with 
the Cooper pairs in a spin-triplet state with parallel aligned spins.  
Unlike spin-singlet supercurrents associated with s-wave superconductors such as Nb or Al, 
spin-triplet supercurrents carry a net spin in addition to charge. Large efforts have been 
undertaken to artificially generate spin-triplet Cooper pairs from spin-singlet superconductors 
via proximity effects8. The fact that SRO214 is an intrinsic spin-triplet superconductor makes it 
an attractive material for potential applications in quantum-based spintronic devices. However, 
research into applications is at a very early stage with (significant) questions on the basic 
science SRO214 still unanswered.  
Before starting this thesis, the majority of studies on the superconducting symmetry of 
SRO214 were limited to single crystal-based devices, which are restricted by dimension, the 
presence of impurities or defects that suppress the superconducting transition6,9, and 
reproducibility issues10. To develop a full understanding of the superconducting properties of 
SRO214, it is essential to be able to fabricate devices based on thin-films. 
The fabrication of superconducting thin-films of SRO214 has remained a major challenge 
since the discovery of superconductivity in single crystals over twenty years ago. The main 
difficulty is based on the requirement to deposit ultra-high quality thin-films with no traces of 
impurities or structural defects that easily annihilate the superconducting state. 
This Ph.D. research project aims to provide the scientific community with a reliable method 
to grow superconducting SRO214 thin-films by pulsed laser deposition. In this thesis, I outline 
a reproducible growth protocol for thin-film SRO214 that enables device fabrication for further 
studies, which will help disentangle the superconducting properties of this material and lead to 
the discovery of new science. 
The work has been carried out with the support of the international network “Oxide 
Superspin” or OSS, created to explore unconventional superconductivity, and the outputs are 
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the result of a close collaboration between myself and Professor Jason Robinson with Professor 
Yoshiteru Maeno at Kyoto University (Japan), Professor Tae Won Noh at the Seoul National 
University (Republic of Korea) and Professor Antonio Vecchione from Consiglio Nazionale 
delle Ricerche, SPIN (Italy).  
This Ph.D. thesis is structured into the following 5 chapters: 
• Chapter 1: Introduction of the fundamentals of superconductivity, followed by a 
description of SRO214 and a literature review highlighting experiments to understand 
the superconducting properties and research on the fabrication of thin-films. 
• Chapter 2: Provides descriptions of the techniques and methods applied to grow and 
characterize the electrical and structural properties of SRO214 thin-films in this thesis. 
• Chapter 3: First results on the optimization of the growth of metallic SRO214 thin-films 
by pulsed laser deposition system (PLD). 
• Chapter 4: PLD optimisation of superconducting SRO214 thin-films by ablation from a 
single-crystalline target and the use of low angle miscut LSAT substrates. 
• Chapter 5: Thickness-dependence of superconductivity in SRO214 thin-films and 
investigation of potential impurities and crystallographic defects that suppress 
superconductivity. Identification of in-plane mosaic twist as the key defect responsible 
for the suppression of superconductivity in SRO214. 
The outcomes of this research project are published in the reference below, which is 
included at the end of this thesis in the section Appendix. 
Garcia, C. M. P. et al. Pair suppression caused by mosaic-twist defects in superconducting 
Sr2RuO4 thin-films prepared using pulsed laser deposition. Communication Materials 1, 23 
(2020) (Nature Publishing Group). 
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Chapter 1  Literature review 
Chapter	1		
Literature	review	
1.1 Principles of superconductivity 
A superconducting material is characterized by having zero electrical resistance when cooled 
down below a critical temperature, Tc. In 1911, H. K. Onnes11 discovered the first 
superconductor when lowering the temperature of a Hg wire below 4.2 K and observed a 
significant drop in resistance (down to the system sensitivity). Since then, there have been large 
efforts to understand superconductivity and find new superconducting materials. In 1986 a new 
family of superconductors with a Tc above 77 K (boiling point of liquid N2) was discovered. 
These were named “High-Tc superconductors” or “cuprates” because their crystallographic 
structures are based on CuO, and they rapidly became of interest for technological applications 
in electricity transmission, power storage or medicine. 
Despite over a century of research on superconductivity, we still cannot predict which 
materials could potentially show a superconducting transition and fabricate them by design. 
However, it is known that it is possible to modify the electronic properties of some materials 
and induce superconductivity with pressure12–14. 
In addition to the critical temperature, superconducting materials are limited by a critical 
field, Hc, and critical current, Ic. When the Tc, Hc, or Ic are exceeded, the normal state is 
recovered (Figure 1.1a). The superconducting state is defined by the Meissner effect, in which 
the material becomes a perfect diamagnet expelling a magnetic field. There are two types of 
10 
 
superconductors depending on how the transition from the normal state to the superconducting 
state occurs based on Hc: “type I” have a direct transition, and the Meissner effect can be 
directly observed below Hc; in contrast, “type II” have a mixed state between the normal and 
superconducting states, which is determined by two different critical fields, Hc1, and Hc2, known 
as the upper and lower critical fields, respectively. The mixed state is characterized by vortices 
with metallic core where the magnetic field can penetrate, and by superconducting regions in 
their surroundings where a magnetic field is expelled (Figure 1.1b).  
 
Figure 1.1 Critical parameters of superconductors. a, Schematic plots showing the superconducting space (inside the 
blue volume) delimited by the critical values of temperature, current and magnetic field. b, Magnetic field versus 
temperature diagram for type I and II superconductors, with a schematic diagram of the magnetic field interaction with 
the superconductor. 
1.1.1 Bardeen-Cooper-Schrieffer theory  
The microscopic theory of superconductivity was developed by Bardeen, Cooper, and 
Schrieffer, often named the “BCS theory of superconductivity”, to explain “conventional” 
superconductors, but not the High-Tc materials which are “unconventional” superconductors 
(described later). 
In the BCS theory, pairs of electrons near the Fermi surface form a bound state of “Cooper 
pairs” which interact via phonons: when an electron drifts through the crystal at zero 
temperature it briefly displaces an ion that will generate a phonon when returning to its original 
position. When this phonon interacts with a second electron, it lowers its energy through the 
deformation created. The second electron then emits a phonon that interacts with the first 
electron, thus creating a connection that brings two the electrons to a lower energy state (Figure 
1.2a,b). This lower energy state compared to two unpaired electrons creates an energy gap, Δ, 
between the superconducting and the normal state, corresponding to the binding energy of the 
Cooper pair.15 
a b 
 11 
 
 
Figure 1.2 Electron interaction via phonons. a, Schematic illustration showing the displacement of the crystal lattice 
due to passing electrons within a superconductor. b, Feynman diagram of a Cooper pair. 
1.1.2 Ginzburg Landau parameters 
The Ginzburg-Landau (GL) theory provides a thermodynamic point of view of the 
superconducting phase transition. It suggests that superconductors, like ferromagnets, have an 
ordered phase with a symmetry change below Tc (or equivalently TCurie in a ferromagnet). They 
proposed the existence of an order parameter, ψ, that defines the superconducting state in the 
same way that magnetization defines the order parameter for a ferromagnet, in which a 
spontaneous moment occurs below the Curie temperature, TCurie. Below Tc, ψ is zero.16 
From the GL theory, two important parameters describe superconductivity near Tc:  
• the Coherence length, ξGL, which corresponds to the distance from the surface at which 
ψ recovers bulk values (Figure 1.3a) and can be calculated following the equation:  
𝜉&' 𝑇 = ℏ+2m. 𝑎(𝑇) 2/+ 1.1 
where 𝑎	is a temperature-dependent coefficient proportional to	(𝑇 − 𝑇6)/𝑇6, 8m. is the 
total mass of a Cooper pair and ℏ	is the reduced plank constant (ℏ = h/8π). 
• The penetration depth, λGL, is the distance from the surface where an external magnetic 
field decays exponentially (Figure 1.3b) and it is given by: 𝜆&' = m.µ=𝑛?e+  1.2 
where 𝑛? is the density of electrons that belongs to the Cooper pair, e is the electron 
charge, and µA corresponds to the vacuum permeability. 
The connection between GL and BCS theory was demonstrated by Gor’kov, showing that 
ψ corresponds to Δ and 𝜓8 = 𝑛? to the density of BCS Cooper pairs. The ratio 𝑘 = 𝜆/𝜉	is 
known as the GL parameter and divides superconductors in type I for those with A < 𝑘 < E 8, 
and type II for 𝑘 > 8. 
a b 
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Additionally, there is another parameter relevant for the superconductivity of some 
materials in the presence of impurities known as the mean free path, 𝑙, which is defined as the 
average distance without collisions of electrons (Figure 1.3c) and it is given by:  𝑙 = 𝜐H𝜏 1.3 
where 𝜐H is the electron band velocity at the Fermi surface, and 𝜏 is the electron scattering time. 
 
Figure 1.3 Schematic representations of the characteristic properties of superconductors. a,b, Ginzburg-Landau 
parameters: superconducting coherence length (a) and penetration depth (b). c, Mean free path. 
1.1.3 Unconventional superconductivity 
In Cooper pairs, the order parameter, ψ, is given by the contribution of the orbital pairing 
symmetry (𝑘J) and the spin (𝜎J): |𝜓 = 𝜒 𝑘2, 𝑘+ |𝜎2, 𝜎+  1.4 
According to the spin of the electrons of the Cooper pair, the pairing can be in a spin-singlet 
state, when the total spin is S = 0, or a spin-triplet state when the total spin is S = 1. Additionally, 
since electrons are fermions, they have to fulfil the anticommuting property of the Pauli 
exclusion principle. Therefore, the antisymmetric spin-singlet state (S = 0) has to be 
complemented by a symmetric orbital wavefunction (χ); this is an orbital angular momentum: 
L = 0 (s-wave), L = 2 (d-wave), etc. Whereas the symmetric spin singlet (S = 1) has to be 
accompanied by an antisymmetric orbital wavefunction, with L = 1 (p-wave), L = 3 (f-wave), 
etc (see Table 1.1).17 
We use the term “conventional” to refer to the superconductors with s-wave pairing 
symmetry that have an isotropic energy gap in momentum space. They are called “conventional” 
because the electron interaction is well described by the BCS theory and the first 
superconductors discovered during the first 60 years belong to this group. 
In contrast, the discovery of superfluidity in He3 in 197418 with a p-wave symmetry that 
could not be described by BCS theory, marked the beginning of “unconventional” 
superconductivity. The term “unconventional” is used for any non-s-wave superconductor 
a b c 
 13 
 
described by an anisotropic energy gap in momentum space. One of the key characteristics is 
its sensitivity to impurities since successive electron scattering averages the superconducting 
gap, leading to a suppression of the superconductivity (Figure 1.4). 
Table 1.1 Classification of superconductors attending to their pairing symmetry. 
Name 
Momentum, κ 
Spin state, s Examples 
Orbital angular 
momentum, L 
Parity of 
spatial part 
Conventional 0 Even s-wave Singlet Nb 
Unconventional 
1 Odd p-wave Triplet UPt3 Sr2RuO4 
2 Even d-wave Singlet YBa2Cu3O 
 
Figure 1.4 Effect of the elastic scattering in the superconducting order parameter. Representation of the 
superconducting gap in the momentum space located around the Fermi surface (green/blue) when elastic scattering 
(arrows) occur in an isotropic s-wave (conventional) and an anisotropic p-wave (unconventional) superconductor. 
(Adapted from19). 
1.1.4 Triplet pairing 
Virtually all known superconductors (conventional and unconventional) have a spin-singlet 
pairing state. There are only a few known examples of spin-triplet superconductors, including 
superfluid He3, the uranium-based compounds UPt3 and UGe2, and potentially Sr2RuO4 
(SRO214). 
Additionally, there is research focused on engineering spin-triplet Cooper pairs using spin-
singlet superconductors. This is possible due to the long-range proximity effect that occurs at 
the interface between an s-wave superconductor and a ferromagnet (S/F). In the case of S/F 
junctions, long-range (spin-aligned) triplet pairs are created and injected into the ferromagnet 
when there is an inhomogeneous magnetization state at the S/F interfaces such as a domain 
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wall or misaligned magnetic moments. In the absence of an inhomogeneity, short-range spin 
triplets are created but these rapidly decay in the ferromagnet over a length scale of a few 
nanometres matching the decay envelope of singlet pairs  (Figure 1.5)8,20.  
 
Figure 1.5 Schematic illustration of the long (short) range spin-triplet formation from a 
superconductor/ferromagnet (S/F) heterostructure with (without) a magnetic inhomogeneity. In the schematic, 𝝍𝟎 
represents the spin-singlet current from a conventional superconductor, 𝝍long the long-range spin-triplet current and 𝝍short,  
the short-range spin-triplet current. (From8). 
1.2 Strontium ruthenate bulk 
Since the discovery of its superconductivity in 1994 by Prof. Maeno et al.1, strontium ruthenate 
(Sr2RuO4) has been the subject of numerous studies trying to explain its unconventional 
properties3,4,17,19,21,22. Because of the superconducting transition sensitivity to impurities and 
defects, high-quality single crystals in the clean limit (l >> ξ) have been achieved in the last 20 
years to be used as samples for further studies23. However, there is still lack a complete 
understanding of its superconducting state and some of the most recent experiments are 
inconclusive or contradictory5. 
In the upcoming sections, the normal- and superconducting-state properties of Sr2RuO4 will 
be introduced, which we refer to as SRO214 for simplification, and a summary about what it is 
known until today regarding its unconventional properties. 
1.2.1 Normal-state properties 
These properties are obtained above the superconducting transition, Tc, or above the upper 
magnetic field, Hc2 in single crystals grown by the floating zone method (described in detail in 
Chapter 3). 
The crystal structure corresponds to a body-centred tetragonal unit cell of the K2NiF4-type 
structure, consisting of alternating layers of the rocking salt SrO and the perovskite SrRuO3. 
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There is no phase transition associated with temperature and the lattice parameters do not suffer 
large variations (see Table 1.2).  
Table 1.2 Lattice parameters in- and -out-of-plane of SRO214 single crystals measured at different temperatures. 
Data from powder diffraction from PDF 01-082-1096 (ICDD, 2016)24. 
 10 K 𝟑𝟎𝟎	𝐊 
a = b (Å)  3.8635(8) 3.8730(3) 
c (Å) 12.7155(4) 12.7323(9) 
SRO214 is a layered perovskite, similar to the high-temperature superconductors, where the 
Cu layers are replaced by RuO2 planes. In the Ruddlesden-Popper series, expressed as 
Srn+1RunO3n+1, SRO214 has one layer of RuO2 planes (n = 1) and it is a paramagnet with spin 
fluctuations, whereas higher values in n lead to an increased ferromagnetic behaviour. For 
instance, SRO327 (n = 2) has a ferromagnetic transition below 70 K and under pressure25, and 
SRO113 (n → ∞) is ferromagnetic26 below 160 K. 
 
 
Figure 1.6 Normal state resistivity and susceptibility characteristics of SRO214. a, Resistivity versus temperature in- 
(ρab) and out-of-plane (ρc) with the inset the T2 response at low T (dotted line). b, Susceptibility versus temperature with 
an in- (H || ab) and out-of-plane (H || c) applied field of 1 T. (From 19). 
Regarding the electrical properties at high temperature (T > 4 K), the resistivity dependence 
with the temperature is anisotropic depending on the direction of current with the RuO2 planes. 
The in-plane resistivity, ρab, is metallic down to Tc and the out-of-plane resistivity, ρc, initially 
increases when cooling down the crystals from room temperature, and when it reaches a 
maximum at 130 K starts decreasing. Below 20 K, both signals follow a T2 dependence. The 
resistivity ratio (ρab/ρc), ranges from 220 (290 K) to 850 (2 K) (Figure 1.6a).  
a b 
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However, despite the anisotropy reported on the electrical properties, the magnetic 
susceptibility, χ, is isotropic regardless of the direction of the applied field up to 1 T (Figure 
1.6b). 
1.2.2 Superconducting-state properties 
Superconductivity in single crystals was first reported by Maeno et al.1 with a Tc at 0.93 K 
without the requirement for carrier doping. However, with further development of the growth 
conditions, crystals approaching the clean limit (l >> ξ) have an increased Tc of up to 1.5 K.6  
Large similarities have been found with high-Tc superconductors i.e. the nearly equal 
crystallographic structure to La2-xBaxCuO4 or being oxides with conduction occurring in 
partially filled d-band (Sr or Cu). However, there is a clear difference in the Tc between these 
materials since SRO214 has a low superconducting transition in comparison, which is associated 
with a low residual resistivity, making it closer to superfluid He3.  
The resistivity of SRO214 shows anisotropy at low temperature (T < 4 K) depending on the 
direction of the applied current (in-, ρab, or out-of-plane, ρc) with a difference of three orders 
of magnitude (see Figure 1.7a). The a.c. susceptibility measurement, χ, shows a strong 
diamagnetic signal associated with the Meissner effect below 1 K when a magnetic field is 
applied parallel to the c-axis (see Figure 1.7b)1. The main GL parameters are summarized in 
(Table 1.3). 
 
Figure 1.7 Electrical and magnetic characterization of an SRO214 single crystal at low temperature. a, Resistivity 
as a function of temperature in- (top plot) and out-of-plane (bottom plot) indicating the configuration of the electrodes 
(inset). b, The a.c susceptibility as a function of temperature with an applied out-of-plane field of 0.67 Oe at 1 Hz, 
separating the imaginary component, χ’’, (top plot) from the real component, χ’, (bottom plot). (From 1). 
a b  
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Table 1.3 Superconducting Ginzburg-Landau parameters experimentally obtained from SRO214 single crystals. 
(From 19). 
Description Abbreviation  In-plane (ab) Out-of-plane (c) 
Critical temperature Tc (K) 1.5   
Upper critical field µ0Hc2 (T) - 1.5 0.075 
Lower critical field µ0Hc (T) 0.023 - - 
Coherence length ξ(0) (Å) - 660 33 
Penetration depth λ(0) (Å)  1900 3.0 x 104 
Ginzburg–Landau parameter κ(0) = λ/ξ - 2.6 46 
Anisotropy parameter ξab(0)/ξc(0) 20 - - 
 
1.2.3 Superconducting pairing symmetry 
Similar to the high-Tc superconductors (such as YBCO), some studies support that SRO214 
belongs to the group of unconventional superconductors since its phase in the momentum space 
is anisotropic.  
In an unconventional superconductor, sufficient electron scattering cancels out the order 
parameter and leads to the complete suppression of the superconductivity6. The sensitivity 
found on the Tc of SRO214 crystals to magnetic and non-magnetic impurities that act as pair-
breakers scatterers points at an unconventional pairing symmetry and sets the limit to observe 
superconductivity when the electron mean free path falls below the superconducting coherence 
length6 (see Chapter 5). 
Some direct experiments that support the chiral p-wave symmetry (even parity) are based 
on the time-reversal symmetry, TRS, breaking below Tc from the increase of the muon spin 
relaxation, µSR, rate27, the observation of polar Kerr rotation28 from magneto-optic 
measurements at low T or the temperature dependence of the specific heat coeficient29. 
Additional results that support the spin-triplet pairing state are extracted from nuclear magnetic 
resonance, NMR, Knight shift30,31 (inelastic neutron scattering), and polarized neutron 
scattering32, which measure a constant spin susceptibility in all directions (in- and out-of-
plane33) of SRO214 below Tc. However, the invariability of the susceptibility rejects the 
possibility of chiral p-wave symmetry. 
Contrary to an initial publication previously referred, there is a very recent report on NMR 
that shows a decay in the Knight shift measurements when lower excitation power is applied34. 
This is also supported by recent polarized neutron scattering measurements35 which also 
contradicts previous results and supports a d-wave or helical p-wave symmetry on SRO214. 
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Understanding the pairing symmetry of SRO214 will help to the development of 
unconventional superconductivity, finding new materials and looking for its applications. 
1.2.4 Proximity effects 
Experimental results indicate that SRO214 is an intrinsic triplet superconductor. The fact that 
SRO214 may have a triplet pairing symmetry suggests that the current carries a net spin and so, 
it could transfer spin-information without heat losses, becoming an ideal candidate for 
applications in spin-based superconducting memory devices with the additional advantage over 
normal state spintronics through superconducting phase coherence8. However, given the 
complications in the determination of its order parameter, we still rely on experiments involving 
phase-sensitive measurements, such as Josephson junctions, and theoretical predictions36 to 
provide answers and complete the puzzle of the superconductivity on SRO214. 
For instance, an experiment involving the proximity effect in the F/S heterostructure 
SRO113/SRO214 proves the possibility of injecting a triplet current without the aid of a magnetic 
inhomogeneity layer over 15 nm, simplifying the device structure37. Additionally, Josephson 
junctions have been fabricated to investigate the proximity effect between conventional and 
unconventional superconductors to study their symmetry incompatibility. Some tunnelling 
studies using SRO214 single crystals (odd parity) have been done on Josephson junctions 
including Pb10,38, Sn, or Nb39,40 (even parity).  All the experiments were limited by the presence 
of impurities, Ru inclusions, and a poor interface, so no clear evidence could be extracted as a 
whole. Additionally, a study by scanning tunnelling microscopy reported a surface 
reconstruction of SRO214 crystals with insulating behaviour after cleaving41 (Figure 1.8), which 
makes it more challenging to analyse the results obtained from bulk based devices. 
 
Figure 1.8 Schematic illustration of the rotation of the RuO2 layer on the surface of Sr2RuO4 single crystals post 
cleaving. (From41). 
Reproducible interfaces and junctions are needed. The pioneering phase-sensitive 
experiments in the cuprates were performed on thin-film based devices. However, achieving 
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this goal with SRO214 is far more complex since there is a lack of reproducibility on the 
production of superconducting SRO214 thin-films. 
1.3 Strontium ruthenate thin-films 
1.3.1 Pulsed laser deposition 
Metallic Sr2RuO4 (SRO214) thin-films were first reported in 1998 by Scholm et al.42 using 
pulsed laser deposition (PLD). They deposit c-axis oriented SRO214 thin-films on different 
substrates, including (0 0 1) (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT), (1 0 0) SrTiO3, (1 0 0) LaAIO3, 
and (1 1 0) NdGaO3; and a-axis oriented on (1 0 0) LaSrGaO4 and (1 0 0) LaSrAlO4, from the 
ablation of a high purity (99.98 %) SRO214 polycrystalline target. However, none of the samples 
showed superconductivity, which they attributed to structural defects through the broadening 
of X-ray diffraction peaks. 
It was not until 2010 when Krockenberger et al.43 improved previous results and reported 
the first evidence for superconductivity in SRO214 thin-films on (0 0 1) LSAT substrates; also 
from the ablation of a polycrystalline and stoichiometric SRO214 target. They recorded an onset 
critical temperature (Tc-onset) of 0.9 K, below the bulk Tc (» 1.5 K), and with a transition 
broadening of 500 mK (Figure 1.9a), which is wider than on single crystals (< 100 mK). 
Compared to previous attempts, they succeeded in finding the right deposition T (920˚C) to 
achieve stable SRO214 in the narrow growth widow, but with no reproducibility. 
 
Figure 1.9 Electric transport characteristics of SRO214 superconducting thin-films deposited by pulsed laser 
deposition. a, Resistivity dependence with temperature with an out of plane field applied (0 - 1200 Oe) (From 43). b-c, 
Resistance versus temperature curve. In (b) the green, black and red curves represent thin-films deposited from a 
stoichiometric target, 5% and 15% of Ru excess respectively. In (c) the curves represent the current dependence on the 
superconducting transition when using a target with 15% excess of Ru (From 44).   
In 2016 J. Cao et al.44 succeded on the growth of a few superconducting thin-films on 
(0 0 1) LSAT substrate. They tested the effect of using a polycrystalline target with a 15% 
excess of Ru and reported increased residual resistivity ratio (RRR = 6.3 versus 1.8) and 
a b c 
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superconductivity on the films compared to the stoichiometric target. However, besides the 
increased Tc onset reported (1.9 K) the superconductivity was reduced to localized regions and 
with a broad transition (1.6 K) (Figure 1.9b-c). They attribute the lack of homogeneity on the 
electrical properties of the thin-film to the presence of stacking faults that might have created 
micro-strained regions with increased Tc. 
1.3.2 Molecular beam epitaxy 
Over the past couple of years, the growth of SRO214 thin-films has become of interest for 
researchers again, and a few groups are working on the growth-optimization using molecular 
beam epitaxy (MBE).  
In 2017, Marshall et al.45 reported the MBE growth of SRO214 thin-films on (0 0 1) LSAT 
substrates, but they did not report any superconducting transition. Uchida et al.46 achieved the 
first successful superconducting thin-films by MBE using LSAT substrates and observed 
enhanced electrical properties when the Ru/Sr flux ratio was enhanced (0.48 - 0.53). Their best 
films reached a RRR of 30 and a Tc onset of 1.1 K, with a sharp transition (0.3 K) (Figure 1.10). 
In the most recent publication from Nair et al.47, they achieved superconductivity on MBE 
deposited SRO214 thin-films on (1 1 0) NdGaO3, showing an enhanced Tc onset of up to 1.8 K. 
They attributed the enhancement of the Tc to strained induced from the mismatch with the 
substrate (Figure 1.11). Additionally, they reported the growth conditions required for the 
thermodynamic growth window of SRO214 (oxygen pressure, temperature, and Ru/Sr flux ratio). 
 
Figure 1.10 Electric transport characteristic of SRO214 superconducting thin-films deposited by molecular beam 
epitaxy. a-c, Resistivity versus temperature for samples deposited with a Ru/Sr flux ratio of 0.48 (b-red curve), 0.50 (c-
green curve) and 0.53 (d-blue curve). (From 45). 
As observed, the last 3 years have been very active in the research towards the development 
of superconducting thin-films due to the large interest. One of the latest publications by Uchida 
et al.48 went a step further and fabricated the first Josephson junction SRO214/SRO214 on a thin-
film grown by MBE; a weak link micropatterned. Regarding the superconducting symmetry of 
a b c d 
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SRO214, their results show the unlikely possibility of SRO214 having a chiral-p-wave symmetry 
and encourages more theoretical studies based on the experimental data. 
 
Figure 1.11 Electrical characterization of an SRO214 thin-film deposited by molecular beam epitaxy on a NdGaO3 
substrate. a-b, Resistivity versus temperature characteristic down to low temperature, from room temperature (a) and 
4 K including the comparison with SRO214-single crystal (b). (From 47). 
1.4 Overview of the challenges 
The following major issues need are addressed in this thesis: 
• The high demand for superconducting SRO214 thin-films to overcome the challenges 
associated with bulk-based experiments and to bring clarity to the ambiguity around the 
symmetry of this unconventional superconductor.  
• The lack of reproducible superconducting SRO214 thin-films grown by pulsed laser 
deposition (PLD). Compared to molecular beam epitaxy (MBE), PLD growth of thin-
films is more challenging based on the dynamic nature of the process and the large 
combination of parameters that can be tuned during growth (total pressure, backing 
pressure, substrate temperature, substrate-target distance, laser energy fluence, laser 
frequency, etc). We believe that PLD can provide more versatility on future steps when 
fabricating thin-film-based devices since multilayer structures can be easily deposited 
by changing the target and without breaking vacuum inside the PLD chamber. 
Therefore, in this thesis, a systematic procedure for the growth of reproducible 
superconducting SRO214 by PLD is provided. 
• Extreme sensitivity to impurities and defects, which due to its unconventional 
properties, rapidly suppresses the superconductivity of the thin-films. This problem is 
addressed by studying the substrates and targets used and providing an in-depth analysis 
of the structural properties by X-ray diffraction complemented with transmission 
electron microscopy techniques. From the study, we identified the in-plane mosaic twist, 
as the main structural defect responsible for the suppression of superconductivity. 
a b 

 23 
 
Chapter 2 Experimental methods 
Chapter	2		
Experimental	methods	
2.1 Thin-film fabrication 
2.1.1 Pulsed laser deposition 
Pulsed laser deposition (PLD) is a physical vapour deposition technique used for the growth of 
thin-films and in particular oxides. PLD involves the removal of material from a solid target 
with a pulsed laser with high energy density (300 – 1200 mJ), in which the ablation creates a 
plasma column that transfers the stoichiometric material onto the surface of a substrate. The 
growth occurs in vacuum conditions or an inert gas, and with the addition of reactive gasses, 
new compounds that differ from the target stoichiometry can be formed (Figure 2.1).49,50 
The ablation of the target requires the excitation of the ablated volume to temperatures 
above that required for evaporation. The laser pulses must be short, with a high energy density 
to maximize its absorption by the target material. This is achieved by using a laser in the 
ultraviolet range, provided by excimer lasers or solid-state lasers Nd:YAG with the frequency-
tripled or quadrupled. For multi-component targets, the ablation is nonuniform if the energy is 
not high enough, so it is desirable to work at sufficiently high fluences (energy by area of the 
laser spot measured in J·cm-2) to vaporize all the species and achieve the exact transfer of the 
target stoichiometry. In contrast, if the kinetic energy of the ablated atoms is too high (  100 
eV), it will result in the bombardment of the substrate with highly energetic species impinging 
the surface with interstitial defects, creating compressive strain in the growing film. 
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Figure 2.1 Schematic illustration of PLD. The substrate-target distance is D and the angle between the substrate 
and the plume is α. 
When selecting the target, larger density is desirable since it is linked to lower formation 
of particulates (0.1 - 0.4 µm size) or droplets (  1 µm size) during the deposition which increase 
the roughness of the surface of the thin-film or even create multilayers structures. Particulates 
can be controlled by either altering the kinetics of the plasma with the effect of the gas pressure 
or similarly, the substrate to target distance (D) (Figure 2.1). At low pressure, because the 
speed of the atoms is high, larger D is required to minimize substrate damage. In contrast, at 
low pressure, the opposite effect occurs, and a shorter D is needed to activate the substrate 
surface and obtain a flat thin-film surface. Alternatively, mechanical solutions are also 
accessible, -i.e. filters, a PLD configuration with the substrate above the target, off-axis 
configuration (Figure 2.2), or the replacement of the polycrystalline targets by single-crystal 
targets (higher density). 
The substrate provides mechanical support and serves as a template for the growth of the 
thin-film without interfering with its properties. For epitaxial thin-films, the substrate provides 
the desired crystallographic orientation, which requires good lattice matching and crystal 
orientation to minimize defects arising from the interface due to stain51. In addition, the 
crystallinity of the film is highly affected by the substrate temperature, which modifies the 
surface mobility of the vapour atoms. Sufficient high temperature favours defect-free growth 
whereas low temperatures may result in amorphous structures. 
The final stoichiometry of the thin-film is influenced by the gas introduced in the chamber 
i.e. growing in a reactive atmosphere that interacts with the ablated species or increasing the 
pressure, which affects the kinetic energy of the plume and slowing down its expansion.  
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In this work, the two PLD systems are used as described in detail in Chapter 3 and 
Chapter 4. 
 
Figure 2.2 Schematic illustration of the PLD plume interaction with the substrate in an on- and off-axis 
configuration. 
 
2.2 Characterization of the structural properties 
2.2.1 X-ray diffraction 
X-ray diffraction (XRD) is used to perform the qualitative and quantitative phase identification 
analysis and to obtain a better understanding of the microstructure (e.g. crystallite size, 
orientation, or stress) as a function of different growth parameters. 
XRD consists of the diffraction of an incident beam of X-rays (primary side) on a sample 
collected in a detector (secondary side) while varying the angles of the incident beam with the 
sample (2θ). The collected signal corresponds to a series of peaks (diffraction pattern) 
containing information of the sample object of study.   
In a crystalline solid, atoms are periodically arranged in planes separated by the interplanar 
spacing (𝑑STU). At certain angles (𝜃), X-ray waves scatter coherently on atoms of nearby planes 
when the optical path difference given by 𝑑STUsin(𝜃) is a multiple of the wavelength (nλ), 
following Bragg’s law (Equation 2.1). This coherent scatter results in the constructive 
interference of the signal and builds the diffraction pattern of the sample, whereas the remaining 
angles lead to incoherent scatter and destructive interactions.52 
 n𝜆 = 8𝑑STU sin 𝜃 2.1 
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X-rays are generated in a vacuum tube when the electrons emitted from a filament (cathode) 
are accelerated with an external voltage towards an anode. From the collision, X-rays are 
emitted from the anode tube through a beryllium window. For the case of a copper anode, the 
characteristic spectrum emitted contains CuKα1 (1.54056 Å), CuKα2 (1.54439 Å) and CuKβ 
(1.39222 Å) radiation. The CuKβ radiation is suppressed with a monochromator or a filter (of 
nickel for this anode type) that absorbs its wavelength.  
The control of the illuminated area of the sample surface is done through divergence slits 
located on the primary side to avoid over-illumination, and on the secondary side, through anti-
scatter slits to ensure that only the diffracted beam goes to the detector (the size should be equal 
to the divergence slit). Additionally, receiving slits are located at the focal point after the anti-
scatter slits; they determine the resolution/intensity that reaches the detector depending on the 
application (Figure 2.3). Complementary, some diffractometers allow the use of programmable 
slits to ensure a constant surface illumination when varying the angles, compared to manual 
slits that ensure a constant volume illumination. 
 
Figure 2.3 Schematic diagram of the X-ray setup. 
Depending on the type of information we aim to obtain, it is possible to control the incident 
beam angle with the sample stage, omega (ω), and with the detector, two theta (2𝜃), the tilt 
angle of the sample stage, chi (χ), and the rotation of the sample stage about its axis, phi (φ) 
(see Chapter 5 for the information that can be obtained from the different types of scan). 
Phase identification and lattice parameters 
From the diffractogram of a thin-film, the peak positions in 2𝜃 allow us to identify the phase 
that created the diffraction pattern by correlating the angles with the International Centre for 
Diffraction Database or ICDD. For each peak position, 𝑑STU is calculated using Bragg’s law 
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(Equation 2.1), which leads to the family of planes {h k l}. The lattice parameters (a, b and c)  
of a unit cell with orthogonal axes are calculated via the relation: 
E𝑑STU8 = ℎ8𝑎8 + 𝑘8𝑏8 + 𝑙8𝑐8 2.2 
In this thesis, the diffractograms shown in Chapter 3 and 4 have been coloured based on 
the indexing of peaks according to the phases present on the thin films: SRO214 (orange), SRO113 
or SRO4310 (red), SRO327 (green), RuO2 (pink) and LSAT substrate (blue). The lattice 
parameters of SRO214 (a = b ≠ c) have been calculated following Equation 2.2. 
Correction of the data 
For an accurate calculation of the lattice parameters, the following sources of error must be 
accounted for: 
• Instrument misalignment. To ensure the correct alignment of the optics, we select a plane 
from the substrate with the strongest diffraction peak among the planes with similar χ and 
φ values as the ones we aim to measure on the thin film. Then, the selected diffraction peak 
of the substrate is used to record the offsets of the instrument (ωoffset, χoffset, and φoffset). 
• Absorption of X-rays in the specimen when the sample is thick. In this study, the thickness 
of the thin-films is below 200 nm, and therefore, this type of error does not apply. 
• Displacement of the sample from the diffractometer axis. This occurs when the sample 
height is different from the focal plane of the beam and it results in the shift of the 
diffraction peaks of a 2θ-ω scan (Figure 2.4a). To solve this issue, the c lattice parameter, 
calculated for each peak position in 2θ following Equation 2.1 and 2.2, is plotted against 
a correction function (cos8 𝜃 sin 𝜃), and the resulting plot is linearly fit (Figure 2.4b). The 
highest precision is obtained at larger values of 2θ, where the variation of the interplanar 
distance is minimum (Δ𝑑STU ∝ 	 cot(𝜃)). Therefore, the intercept with the vertical axis 
(2𝜃 = 180˚), where the peak deviation in 2𝜃 has the lowest angle deviation, provides the c-
axis value corrected for sample displacement. 
• Systematic and random errors must also consider. From the extrapolation to 2𝜃 = 180˚ the 
systematic error which is proportional to the slope of the extrapolation line is suppressed. 
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The random error can be calculated from the error of the least square fitting of the data, 
which represents the deviation of the experimental data points from the linear curve. 
 
Figure 2.4 Sample displacement error. a, Schematic illustration of error due to sample displacement. b, Calculation of 
the c-axis lattice parameter correcting the data for sample displacement. The resulting c-axis value is 12.716 Å 
corresponding to the intercept with the vertical axis. 
Calculation of the thin-film thickness 
In high quality films thickness fringes are visible, and the spacing between fringes, ni,j, is 
correlated with the thickness of the thin film following:  
𝑡 = 𝑛J − 𝑛c 𝜆8 𝑠𝑖𝑛 𝜃J − 	𝑠𝑖𝑛 𝜃c  (2.3) 
where λ is the X-Ray wavelength in nm units, and θi,j is the Bragg angle of the corresponding 
fringe in radians.  
In this thesis, the thickness (t) of the films shown in Chapter 5, is obtained by fitting a 
model to a 2θ-ω scan on the diffraction peak SRO214 (0 0 6) using LEPTOS software (see 
Figure 2.5). The samples shown in Chapter 3 have not been characterized for t due to the lack 
of fringes (poor quality) and excessive roughness (> 2 nm), which also makes the alternative 
characterization of t using X-ray reflectivity not possible. 
 
Figure 2.5 Example of thickness calculation of an SRO214 thin film extracted from the thickness fringes. 2θ-
ω X-ray diffraction trace of the (0 0 6) peak of a Sr2RuO4 film (grey squares) with a model thickness of 101 nm 
from the fitting to simulation (red curve).  
a b 
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Quantitative analysis  
The reference intensity ratio (RIR) is a method used for the quantitative analysis of XRD 
traces53. It involves scaling the data from a diffractogram (experimentally obtained) with data 
from a reference standard diffractogram (from ICDD).  
For the calculation of the percentages of phases “A” and “B” from an XRD pattern it is 
used: 
𝐼SETEUEg𝐼S8T8U8h = K 𝑥g𝑥h 2.4 
where 𝐼STUk is the XRD intensity of an (h k l) diffraction plane of the phase “A” or “B”, and  𝑥k 
is the weight fraction of the phase “A” or “B”. K corresponds to the ratio between both phases, 
and it is calculated by applying Equation 2.4 on a simulated diffraction pattern on High-Score 
software that contains both phases (from ICDD) with known weight fractions.  
Subtraction of instrumental broadening 
The steps to consider the instrumental contribution are as follow: 
1. X-ray diffraction peaks are fitted with a pseudo-Voigt profile to obtain both the peak 
width (FWHM) and the shape ratio of Gaussian to Lorentzian (x).  
2. Known the instrumental broadening (FWHMpqrs) the width of the peak that corresponds 
only to the sample coming from the Lorentzian contribution ( FWHMtuvwx.y ) is 
calculated following Equation 2.5, and for the Gaussian contribution (FWHMtuvwx.z ),  
Equation 2.6. 
3. The total broadening of the peak (FWHMtuvwx.{| ) without the instrumental contribution, 
is calculated by their sum using Equation 2.7. 
Lorentzian	profile:	 FWHM}.ury = x	FWHM}.ur{| = x	FWHMpqrs + FWHMtuvwx.y 	 2.5 
Gaussian	profile	:	 FWHM}.urz + = 1 − x 	FWHM}.ur{| + =	 2.6 
	 = 1 − x 	FWHMpqrs + + FWHMtuvwx.z +	  
Pseudo-Voigt	profile:	 FWHMtuvwx.{| = FWHMtuvwx.y + FWHMtuvwx.z 	 2.7 
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The instrumental broadening of ω scans is defined by the primary monochromator, 0.0066˚, 
and of  2θ-ω scans, it is defined by the spread in wavelength and increases with 2θ from 
0.012˚to 0.059˚(Table 2.1).  
Table 2.1 Instrumental broadening in 2θ. Extracted from the simulations on Epitaxy software of different diffraction 
peaks of Si crystal considering the optics used in our measurements. 
2𝜽 (˚) 𝐅𝐖𝐇𝐌𝐈𝐧𝐬𝐭 (˚) 
> 70 0.0130 
31.63 0.0117 
35.57 0.0150 
66.05 0.0143 
69.19 0.0146 
73.00 0.0169 
109.67 0.0374 
126.00 0.0585 
Calculation of the angle between two crystallographic planes 
The following equation is used to calculate the angle between a plane (h1 k1 l1) and (h2 k2 l2) 
simplified for a tetragonal unit cell (a = b and c):53 
𝜙 = 𝑎𝑟𝑐𝑐𝑜𝑠	 ℎEℎ8 + 𝑘E𝑘8𝑎8 + 𝑙E𝑙8𝑐8ℎE8 + 𝑘E8𝑎8 + 𝑙E8𝑐8 ℎ88 + 𝑘88𝑎8 + 𝑙88𝑐8  2.8 
Reciprocal space 
Consists of the 3D illustration based on the Fourier transform of the crystallographic structure 
in the real space. It is composed of reciprocal lattice points, RLP, that correspond to the 
diffraction planes (h k l). The vector that connects the reciprocal space origin (0 0 0) with each 
RLP is called the scattering vector, 𝑠, its length is correlated to 𝑑STU via 𝑠 = E/𝑑STU, and its 
direction corresponds to the normal of the (h k l) plane (Figure 2.6). Sx is the projection of 𝑠 
in the x-axis and Sz, the in the z-axis respectively. Sx and Sz can be transformed into the real 
space following: 𝑆𝑥 = E/𝜆	[cos(𝜔) − cos(8𝜃 − 𝜔)] 2.9 𝑆𝑧 = E/𝜆	[sin 𝜔 + sin(8𝜃 − 𝜔)]	 2.10 
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for a given RLP, the correlation between the broadening of the RLP, Δs, and the FWHM of the 
X-ray diffraction peak in the real space is given by:  Δ𝑠	||	𝑠:				 Δ𝑠 = FWHM	8/	𝜆	 ∙ cos 𝜃  2.11 Δ𝑠	 ⊥ 	 𝑠:				 Δ𝑠 = 8	FWHM	/	𝜆	 ∙ sin 𝜃 	 2.12 
where the FWHM is in radians. 
 
Figure 2.6 Representation of the reciprocal space and the correlation of the scattering vector with the real space. 
The left side image corresponds to the reciprocal space and the right-side image to the real space. The scattering vector 
is labelled 𝒔 and the interplanar distance as d. In both cases, the subindex corresponds to a plane (h k l). Sx and Sz 
correspond to the projection of 𝒔 in the x and z direction respectively. (Adapted from52). 
In this work, the X-ray diffraction data is acquired using a Panalytical Empyrean X-ray 
diffractometer, with a CuKα1 X-ray source and a hybrid two bounce primary monochromator 
located in the Department of Materials Science and Metallurgy in the University of Cambridge 
(United Kingdom). 
2.2.2 Atomic force microscopy  
Atomic force microscopy (AFM) is used to determine the roughness of the thin-films as well 
as to investigate mosaic tilt from the map of the topography of the surface. 
The AFM scans the sample surface with the aid of a sharp tip attached to a cantilever. When 
the tip approaches the sample surface, there is an attractive force that bends the cantilever 
towards the surface, and when the tip is near to the surface, it experiences an electrostatic 
repulsive force that deflects the cantilever in the opposite direction. The deflection that the 
cantilever experiences is based on the Hooke’s law (𝐹 = −k𝑦), where k is the cantilever spring 
constant and y, is the cantilever distance deflected from its neutral position. Changes in the 
deflection of the cantilever are tracked by a position-sensitive photodiode (PSPD) screen, 
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which detects changes in the direction of a reflected beam on the flat surface of the cantilever 
(Figure 2.7)54. 
 
Figure 2.7 Schematic illustration of an atomic force microscope (left) showing the different operating modes 
(right). 
AFM has different working modes. The most common are contact, intermittent contact, and 
non-contact. In contact mode, the tip of the cantilever is in soft contact with the surface of the 
sample, where the surface features cause a strong repulsion force that deflects the tip cantilever. 
In non-contact mode, the tip vibrates at a certain frequency and scans the surface right above it 
with the aid of a feedback loop that controls the oscillation and ensures the surface is untouched. 
Features on the surface are imaged by tracking changes in the oscillation signal (suitable for 
softer materials). In the intermittent contact mode, the vibration of the tip has a higher 
amplitude and the tip touches the sample. Non- and intermittent-contact scans are used to 
examine soft surfaces, sensitive to the vibration of the tip, or with particles weakly attached.  
The AFM images in this thesis are taken from contact mode since it does not represent a 
threat for the thin-films. The data is levelled to make facets point upwards and coloured using 
Gwyddion software. Apart from the image of the surface, the value of the roughness is extracted 
from the root mean square (RSM) of the heights of the scanned area as a measurement of the 
quality of the thin-film. RSM values are more precise than only measuring average roughness 
(Ra) since the latter is not able to distinguish between peaks and valleys (Figure 2.8). 
𝑅u = E𝑛	 𝑦JJE  2.13 
𝑅𝑀𝑆 = E𝑛	 𝑦J8JE 	 2.14 
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Figure 2.8 Example of a section of the surface profile of an SRO214 thin-film highlighting the difference between 
Ra and RSM. The height is indicated on the y-axis and the length on the x-axis. 
In our work, we use a Cypher Atomic Force Microscope with contact mode located at the 
Institute of basic science, centre for correlated electron systems (IBS-CCES) at Seoul National 
University. 
2.2.3 Scanning and transmission electron microscopy 
A transmission electron microscope (TEM) is used to image the microstructure of a sample. 
The scale and information that can be obtained depend on the resolving power of the 
microscope (generally < 0.3 nm), the energy spread of the electron beam (several eV), the 
thickness of the specimen (> 1 µm) and the composition/stability of the material object of 
study.55 
A beam of high energy electrons (100 - 400 keV) is transmitted through the sample and 
forms an image. From the beam interaction with the atoms of the specimen, inelastic and elastic 
scattering occurs, making possible to obtain fine details from its microstructure (composition, 
defects).  
Whereas the conventional TEM has a parallel beam that floods the whole area of interest, 
scanning TEM (STEM) has a scanning focused beam that addresses each pixel in series. Several 
detectors can be used to collect the signal generated at each pixel, allowing high spatial 
resolution imaging (~ 0.15 nm in aberration corrected STEM probes) and compositional 
analysis.  
Defects in the sample can be studied by modifying the contrast of the image using bright 
or dark-field imaging. “Bright field” term is used when the TEM image is formed only by un-
scattered electrons (transmitted), blocking the rest with an aperture. In this case, since there is 
no scattering, the areas with higher atomic mass will appear darker. Whereas “dark field” term 
it is used when the un-scattered electrons are blocked, and a proportion of the scattered 
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electrons are selected with the aperture to form the image. In this case, areas with no material 
will appear dark, and regions that  scattered electrons into the aperture appear bright. 
An scanning electron microscope is used to image the microstructure of the scanned area 
with a resolution ~ 1 nm allowing topographic and compositional analysis. From the interaction 
of the primary beam of electrons with the sample different signals are emitted (secondary 
electrons, backscattered electrons, characteristic X-rays or visible light) that reveal different 
information of the specimen.56  
The topography of the sample is analysed from the image generated with the intensity 
detected from secondary electrons, and the elemental composition, from the X-rays emitted 
from the sample, using an electron energy dispersive X-ray spectroscopy (EDX) detector. 
In this work, SEM-EDX is applied in Chapter 4 for the characterization of the Sr:Ru ratio 
of SRO single crystals based on the atomic percent using a KEYENCE VE-9800 equipped with 
an EDX AMETEK detector at 20 kV located in the University of Kyoto (Japan). 
The TEM characterization of SRO214 thin films shown in Chapter 5 and its corresponding 
sample preparation, are performed by Dr Giorgio Divitini and Dr Fabien Massabuau in the 
Department of Materials Science and Metallurgy at the University of Cambridge (UK). The 
cross sectional samples are milled using a focused ion beam microscope (Helios Nanolab). 
Bright-field TEM is used to perform the 𝑔 ∙ 𝑏 analysis to confirm the presence of dislocations 
(described in detail in Chapter 5) using a FEI Tecnai Osiris at 200 kV. Compositional mapping 
to investigate the presence of impurities on thin films is carried out using STEM–EDX in the 
same instrument, employing a Super-X detector with a total collection solid angle of 0.9 sr. 
The maps have been coloured for Sr (green), Ru (pink) and O (blue) content, with the white 
regions indicating highest (relative) atomic content. High-resolution STEM images are 
acquired on a probe-corrected FEI Titan operated at 300 kV. 
2.3 Characterization of the electric and magnetic properties 
2.3.1 Electric properties at low temperature 
Low-temperature electrical transport characteristic of the thin-films is obtained using a four-
point measurement setup.  
The resistance, R, is calculated as a function of temperature, T, using a current bias, I, of 
less than 100 µA between the external contacts and recording the voltage, V. The current is 
 35 
 
chosen to ensure it does not affect the superconducting transition temperature but large enough 
to maximise the voltage signal to noise ratio. 
For this thesis, thin-films are measured from room temperature down to 0.3 K with a pulse-
tune cryogen-free system using a He3 probe with a 7 T magnet.  
Electrical contacts 
The transport characteristic of the thin films in Chapter 3 are measured directly on a region of 
the film (Figure 2.9a), and in Chapter 4 and 5 (Figure 2.9b), via four electrical contacts of 
Au sputtered across the films using a metallic “shadow” mask. Each Au pad is electrically 
connected to a chip carrier using Al wires bonds with a diameter of 25 µm using an ultrasonic 
wire bonder. 
 
Figure 2.9 Photograph showing the electrical contacts on SRO214 thin films. a-b, Electrical contacts directly 
performed on the film (a) and via Au pads (b). The scale bar in a-b, correspond to ~ 0.5 cm.  
Residual resistivity ratio (RRR) 
A good indicator of the purity of a material is the residual resistance ratio (RRR), which 
corresponds to the coefficient of the resistance at high versus low temperature (equation 2.15). 
This is because at high temperature the resistance of a metal is governed by the scattering of 
electrons due to thermal excitation (phonons) and collisions with impurities in the crystal. 
However, when the temperature is low, the thermal excitation is minimized, and the main 
source of the resistance are imperfections in the lattice.  
𝑅𝑅𝑅 = 𝑅𝑅y  2.15 
where 𝑅RT is the resistance at room temperature and 𝑅LT at low temperature. 
a b 
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In this thesis, the RLT for superconducting samples corresponds to the value of the resistance 
before the superconducting transition occurs, and for non-superconducting samples (metallic), 
to the saturated minimum in the resistance. High values of RRR correlate to high purity and 
small concentration of impurities or defects. As a reference, the highest RRR reported to date 
on SRO214 thin films is ~ 80 (see literature comparison on Figure 5.10). 
Magnetic measurements 
The magnetic characteristics of the thin-films are investigated using a magnetic property 
measurement system (MPMS)57. The equipment operates in a range of temperatures (400 - 
1.8 K) using liquid He and can apply magnetic fields up to 7 T generated by a superconducting 
magnet. The signal from the sample is detected by a superconducting quantum interference 
device (SQUID). Both magnets are cooled down in liquid helium. While using the DC 
measurements scans, the sample is shifted through the pick-up coils, which generates a SQUID 
voltage proportional to its magnetic momentum, depending on the position and field applied. 
Additionally, liquid nitrogen is also used to prevent heat loss from the He tank.
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Chapter 3 Growth of SRO214 Metallic thin-films 
Chapter	3		
Growth	of	SRO214	metallic	thin-
films	
3.1 Background 
Before the optimization of the growth parameters (O2 pressure, laser fluence, or temperature) 
for the fabrication of SRO214 thin-films, two key aspects are addressed based on reported studies 
on SRO214 thin-films (described in Chapter 1): target stoichiometry and substrate selection. 
Regarding the target, the most important parameter is the Ru content. RuO2 is well known 
to be very volatile due to its high vapour pressure, so when using a stoichiometric SRO214 target 
the final stoichiometry of the resulting thin-film is likely to be Ru deficient. As a reference, 
during the fabrication process of SRO214 single crystals, Z.Q. Mao et al.23 added a 15% Ru 
excess to the feed rod composition, instead of the stoichiometric formula Sr2RuO4, to ensure 
that the resulting crystal had the correct Ru content after the Ru evaporation. Based on that, J. 
Cao et al.44 investigated the effect of the Sr/Ru ratio in the target composition (from 
stoichiometric to 15% Ru excess ) on the electrical properties of pulsed laser deposited (PLD) 
SRO214 thin-films. They realised that only thin-films deposited from the ablation of a target 
with 15% of Ru excess (Sr2Ru1.15O4) showed evidence for incipient superconductivity, with an 
elevated (onset) critical temperature (Tc-onset) of 1.9 K, and a residual resistivity ratio (RRR) of 
6.3, larger compared to those from a stoichiometric target (RRR = 1.8). The high Tc-onset 
compared to the Tc in SRO214 (1.5 K), together with the broad superconducting transition (1.6 
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K) was associated with structural defects (further discussed in Chapter 5). Similarly, Uchida 
et al.46 studied different Ru/Sr flux ratios (from 0.48 to 0.53) on SRO214 thin-films deposited 
by molecular beam epitaxy (MBE). In their report, all the films were superconducting, with 
improved Tc-onset (1.1 K - 0.57 K) and RRR (37 - 22) values at higher Ru/Sr flux ratio, but with 
a rougher surface (RMS = 9 - 0.4 nm), most likely due to the segregation of RuO2. 
When selecting the substrate, it is important to ensure a minimal lattice mismatch with the 
SRO214 thin-film to reduce the number of defects arising at the interphase (i.e stacking faults 
commonly observed in layered perovskites). For instance, (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) 
crystal provides a very low lattice mismatch in-plane (0.03 %), but an elevated mismatch in the 
out-of-plane direction (69.64%).  Despite that, in PLD, only SRO214 thin-films deposited on 
(0 0 1) LSAT43,44 substrates show traces of superconductivity, though with reproducibility 
issues. There are also attempts on different perovskite substrates, (1 0 0) SrTiO3, (1 0 0) 
LaAIO3, and (1 1 0) NdGaO3, but all leading to metallic behaviour at low temperatures and no 
traces of superconductivity1. Nevertheless, it is worth to mention that superconducting SRO214 
thin-films deposited by MBE, have been recently achieved on (0 0 1) LSAT, and also (1 1 0) 
NdGaO346,47.  
In this chapter, it is first investigated the growth of SRO214 thin-films using a sintered 
polycrystalline target of SRO214 with 15% Ru excess, and (0 0 1) LSAT substrates. Following 
previous results on PLD, it is studied the effect of the growth parameters on the structural and 
electrical properties, and also, different thermal annealing processes to enhance the films after 
the deposition. 
3.2 Growth conditions  
The thermodynamic stability lines of SRO42,58 (reproduced in Figure 3.1) help to understand 
the effect of changes in the O2 pressure and the substrate temperature (T) during the deposition 
on the stoichiometry of the resulting thin-film. Figure 3.1 indicates that unstable SRO214 easily 
decomposes into other phases of the same family, including SRO113 or SRO327. 
In general, each phase is stable when the growth conditions are located below their 
corresponding stability line. However, the O2 pressure or T do not strictly correlate with the 
stability lines showed for some thin-films. For instance, the growth conditions reported of 
superconducting SRO214 thin-films by PLD (yellow circles with added references), are not 
located below the SRO214 stability line. This could be because each PLD system has different 
characteristics that could affect the pressure, i.e. background pressure, substrate-to-target 
distance, chamber dimensions, O2 released during the target ablation or backing pressure among 
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others. Therefore, from this study, the key is that stable SRO214 will tend to form at an O2 
pressure lower than SRO113 or SRO327, where the other phases are no longer stable.  Based on 
that, in this study, the initial O2 pressure selected follows other reported results and according 
to the phases present on the deposited films, it is re-adjusted towards the direction of single-
phase SRO214. 
 
Figure 3.1 Stoichiometric stability diagram of SRO214, SRO113, and SRO327 phases versus growth T and O2 
pressure. The diagram includes the thermodynamic stability lines of SRO phases, experimental results of thin-films 
deposited with the indicated O2 pressure and T with different stoichiometries, Sr2RuO4 (yellow circles), SrRuO3 (red 
triangles) and Sr3Ru2O7 (green squares), and chemical reactions of the decomposition of SRO phases when unstable. 
(From42,58) 
Regarding the substrate T, Krockenberger et al.43 achieved superconducting SRO214 thin-
films using a growth T of 950˚C, and only observed reflection high-energy electron diffraction 
(RHEED) oscillations in a narrow growth window (< 10˚C). Similarly, superconductivity is 
observed in PLD films grown by J. Cao et al.44 when T is optimized to 950˚C. Nevertheless, 
Madhavan et al.59 explored T in the range of 950˚C  to 1050˚C using PLD, but with no trace of 
superconductivity in a- or c-axis oriented SRO214 thin-films. Following previous attempts and 
the limitations of our equipment, this study explores a range of T near 950˚C. 
3.3 Post-annealing treatments 
The electrical properties of SRO214 could be enhanced also after growth if structural defects are 
removed. A study performed on SRO214 single crystals by Mao et al.9 showed that decreasing 
(44) 
(43) 
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crystallographic defects by annealing the crystals at high T (1200 - 1500˚C) in air for 3 days, 
shifted the Tc to a higher temperature.  
Based on that, once the thin-films are deposited, post-annealing treatments in vacuum and 
air are run on SRO214 thin-films to test if the structural and electrical properties are improved.  
3.4 Thin-film fabrication set up description 
3.4.1 Description of the PLD system 
The PLD system used for the growth of SRO214 thin-films in this Chapter (“101 system”) is 
located in the Department of Materials Science & Metallurgy at the University of Cambridge. 
The target is located at the bottom of the chamber and the substrate above it at an adjustable 
angle (α), making possible to perform on- (α = 90˚) or off-axis (α = 0˚) depositions (Figure 
3.2). 
 
Figure 3.2 PLD system in Cambridge used for growing SRO214 thin-films. a, A photograph from one of the PLD 
viewports during the deposition of SRO214. The target and the heater are labelled. The deposition is performed at an angle 
α. b, An schematic illustration of the PLD set-up, showing the substrate-target configuration. The angle of the heater is 
labelled as α, and the rotation of the target as β. The scale bar in a corresponds to ~ 2.5 cm. 
During the growth, the target is ablated by a Lambda Physik KrF pulsed-laser (λ = 248 nm) 
while rotated about its axis and shifted left to right, with small rotations of the target carousel 
(β). This way, the overheating of one spot and the creation of particulates that could damage 
the surface of the substrate are prevented. The target carousel can load up to six targets, so it is 
covered with a metallic shield with a gap that allows the laser to ablate only the desired target. 
Simultaneously, a resistive heater (Figure 3.3a) provides the set temperature (up to 960˚C) to 
the substrate through contact with thermal paste.  
Before the deposition, it is necessary to ensure that the ablation plume from the target is 
well centred on the substrate. To do so, the metallic shield is attached on the heater, previously 
a b 
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cleaned with grit paper and acetone in the fume hood. Then, the target is ablated for about 1000 
pulses, without any substrate laded, in the same O2 pressure as planned for the deposition and 
at room temperature. The heater is adjusted based on the shape of the plume deposited on the 
shield (Figure 3.3b,c). 
 
Figure 3.3 Resistive heater flange used for the PLD growth of SRO214 thin-films. a-c, Photographs showing the PLD 
flange with the resistive heater: front view (a), side view showing the adjustable directions with red arrows (b) and 
substrate shield (c). The scale bars in a,b correspond to ~ 5 cm and in c, to ~ 2 cm.. 
3.4.2 Target preparation 
The sintered target Sr2Ru1.15O4 (2.45 cm diameter), fabricated following a similar procedure as 
shown in Chapter 4, is attached to a metallic target holder using carbon tape. Before each 
deposition, the target surface is lightly polished using grit paper (P600) with isopropyl alcohol 
(IPA), then sonicated in ethanol (for 2 minutes) with only the surface is in contact with the 
solvent, and dried with N2 gas.  
3.4.3 Substrate preparation  
The dimensions of the (0 0 1) oriented LSAT substrates are 5 x 5 x 0.5 mm3. When the crystals 
have larger dimensions, they are cleaved using a pen with a diamond tip. To do so, the 
substrates are rested on leant-free paper with the unpolished surface facing up, and then using 
the diamond tip guided with a ruler, a line is drawn with the desired dimensions. Finally, the 
single crystal is wrapped in leant-free paper and cleaved through the line by simply applying 
pressure with the hands.  
Before loading the substrates into the PLD chamber, they are first sonicated in acetone for 
10 minutes, then IPA for 10 minutes and dried with N2 gas. Once cleaned, they are attached to 
the resistive heater with a drop of thermal paste 20Ag/1Pd (ESL 9695-G) to ensure good 
thermal contact during the growth of the thin-film. The advantage of using thermal Ag paste 
a b c 
α 
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with Pd is that the melting point is shifted to 1000˚C, above the growth temperature (950˚C), 
which helps to prevent the contamination of the PLD chamber during the growth. Once attached, 
the remaining parts of the heater are covered with a metallic mask, with a gap on the substrate 
location, and secured with screws.  
3.5 Discussion 
In this study, a polycrystalline target of Sr2Ru1.15O4 and c-axis oriented LSAT substrates are 
used. The starting growth conditions are set equal to those reported by J. Cao et al.44 for SRO214 
thin-films by PLD; this is a substrate temperature (T) of 950˚C, a laser repetition rate of 2 Hz, 
a laser energy of 380 mJ (4 J·cm-2), 5000 pulses, an O2 backing flow of 7 Pa and a substrate-
to-target distance of ~	50 mm. It is worth to mention that the initial optimization of the growth 
conditions is done without considering the thickness of the thin films, and instead the focus is 
set on the reduction of the impurity phases.  
3.5.1 Thin-film optimization 
The effect of the O2 pressure is studied in a range from 9.9 Pa to 0.5 Pa, with the remaining 
aforementioned conditions fixed. X-ray diffraction on the deposited thin-films reveals 
variations in the phase composition when varying the O2 content (Figure 3.4). At high O2 
pressure (9.9 Pa), the thin-film composition is mainly SRO113 (or SRO4310) and SRO327 phases. 
However, when the O2 pressure is decreased (below 5.2 Pa), SRO214 phase starts to form and 
the impurity phases are reduced. These results corroborate that stable SRO214 starts to form at 
lower O2 pressure than SRO113 and SRO327 as predicted from42,58 (depicted in Figure 3.1).  
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Figure 3.4 X-ray diffraction of SRO214 thin-films deposited at 950˚C, 2 Hz, 4 J·cm-2 when varying O2 pressure 
(9.9 – 0.5 Pa). The diffraction peaks have been indexed with the following phases: SRO214 (yellow peaks) SRO113 and 
SRO4310 (red peaks), SRO327 (green peaks), RuO2 (pink peaks) and LSAT substrate (blue peaks). 
Despite the X-ray diffraction pattern showing a similar phase composition at low O2 
pressure (1.1 and 0.5 Pa), the electrical characterization of the thin-films as a function of T 
shows different properties. In Figure 3.5a it can be observed that the resistance (R) normalized 
at T = 300K, as a function of T, changes from insulating to metallic when reducing the O2 
pressure, with the best results observed at 0.5 Pa (yellow curve). Accordingly, the residual 
resistivity ratio (RRR) increases (Figure 3.5a inset), indicating higher quality films with lower 
O2 content. The lowest concentration of defects (RRR ≈ 3) is observed in the film deposited at 
0.5 Pa of O2 (yellow square).  
At very low T, only the thin-film deposited at 0.5 Pa of O2, shows a  downturn in R(T) at 
1.25 K (see Figure 3.5b), consistent with the onset of the superconducting transition of SRO214 
bulk (1.5 K). We attribute this feature to incipient superconductivity since it vanishes when 
exposed to a field of 100 and 900 mT (Figure 3.5b).  
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Figure 3.5 Characterization of the electrical properties of SRO214 thin-films deposited at 950˚C, 2 Hz, 4 J·cm-2 
when varying the O2 pressure (9.9 – 0.5 Pa). a, T dependence on the normalized resistance at T = 300 K when lowering 
the O2 pressure (a), and the corresponding RRR (a-inset). b, Resistance at very low T of the thin-film deposited at 0.5 Pa 
of O2 (yellow squares / yellow curve in a) and when applying an in-plane magnetic field of 100 mT (light grey squares) 
and 900 mT (dark grey squares). 
 
After the O2 optimization, the T-dependence is investigated on the phase composition and 
electrical properties of the SRO214 thin-films, while keeping the O2 pressure fixed at 0.5 Pa. 
From the X-ray diffraction patterns, it is not observed any significant difference when 
decreasing the growth T from 950˚C to 920˚C (Figure 3.6a). However, the R(T) characteristic 
plotted in Figure 3.6b, show enhanced metallic behaviour in the thin-film deposited at 950˚C 
(depicted in yellow) and an improved RRR of 3 compared to the films deposited at lower T 
(RRR < 1) (Figure 3.6b inset).  
Based on the above mentioned, the optimized growth conditions showing incipient 
superconductivity correspond to 950˚C, 0.5 Pa of O2, 2 Hz, 380 mJ (4 J·cm-2) and 5000 pulses. 
a b 
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Figure 3.6 Phase composition and electrical characterization of SRO214 thin-films deposited at 0.5 Pa of O2, 4 J·cm-
2, 2 Hz, and 5000 laser pulses, when varying the T (950 – 920˚C). a, X-Ray diffraction patterns when varying T, 
indexed with the following phases: SRO214 (yellow peaks) SRO113 and SRO4310 (red peaks), SRO327 (green peaks), RuO2 
(pink peaks) and LSAT substrate (blue peaks). b, T dependence on the normalized resistance at T = 300K when lowering 
the T (b), and the corresponding RRR (b-inset). 
3.5.2 Thin-film stability 
The stability of the thin-film with the optimized growth conditions is tested by re-measuring 
its structural and electrical properties after several months. Figure 3.7a shows that the phase 
composition remains unchanged in the second test, compared to the first measurements.  
a 
b 
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Figure 3.7 Stability test of SRO214 thin-films deposited at 950˚C, 0.5 Pa of O2, 2 Hz, 4 J·cm-2 and 5000 laser pulses. 
a, X-ray diffraction pattern of the thin-film after deposition (1st test) and after a few months (2nd test) indexed with the 
following phases: SRO214 (yellow peaks) SRO113 and SRO4310 (red peaks), SRO327 (green peaks), RuO2 (pink peaks) and 
LSAT substrate (blue peaks). b, Different arrangement of the electrical contacts (blue and red) to perform R(T) 
measurements. Only configuration in blue shows incipient superconductivity after several months, indicating non-
uniform electrical properties. Scale bar in b corresponds to ~ 0.5 cm. 
Regarding the electrical properties, the superconducting downturn in T = 1.25 K is also 
observed after the time, but it is worth to mention that it is only visible when the electric 
contacts are placed in the configuration indicated in blue in Figure 3.7b. This reveals that the 
thin-film is not uniform and neither its R(T) characteristic. 
3.5.3 Lower O2 pressure 
To enhance the phase composition and electrical properties, the O2 partial pressure is lowered 
below 0.5 Pa (previously used), keeping a total pressure of 1 Pa (introducing argon) to prevent 
changes in the plume shape. The other growth conditions and the number of laser pulses (5k) 
are not altered. After decreasing the pressure to 0.1 Pa, the non-uniformity of the thin-films 
film becomes more visible (see photograph in Figure 3.8a-inset), showing different gradients 
of grey colour. We characterized the R(T) curves of four different regions of the film indicated 
with coloured circles (Figure 3.8a). The results reveal that the region 1 (blue circle) has 
insulating properties, region 2-3 (pink and green circles) is more metallic than the region 1, and 
region 4 (purple circles) is the most insulating as the electric contacts could not be attached. 
Similarly, when the pressure is decreased further to 0.05 Pa, the thin-film still shows a grey 
colour gradient Figure 3.8b-inset, and the R(T) characteristic is more insulating in region 1 
(blue circle) than in region 2 (green circle) (Figure 3.8b). 
a b 
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Figure 3.8 Electrical transport measurements of SRO214 thin-films deposited at 950˚C, 2 Hz, 4 J·cm-2 and 
5000 laser pulses when lowering the partial O2 pressure from 0.1 to 0.05 Pa and keeping fixed the total pressure to 
1 Pa. a,b, R(T) characteristics of the SRO214 thin-films shown in the photography inset deposited at an O2 pressure of 0.1 
Pa (a) and 0.05 Pa (b). The coloured regions depicted on the films correspond to non-uniform parts of the films with 
different tones of grey, where the electrical properties have been tested. The scale bars in a,b-insets indicate ~ 5 mm. 
An additional thin-film at 0.05 Pa of O2 is deposited, with 1 Pa of total pressure, but this 
time doubling the thickness (10k laser pulses) to record its R(T) and also study the changes in 
the topography of the surface by AFM images. From the electric properties shown in Figure 
3.9a, it can be observed that similar to previous results, the region 1 (blue circle) is more 
insulating compared to the region 2 (green circle). It is worth to mention that the values of R 
are lower than those shown in Figure 3.8b, which indicates fewer defects in thicker films, most 
likely as a result of the relaxation of the crystallographic structure when doubling the thickness. 
The AFM results match those extracted from the R(T) curves; the topography images of 
region 1 (insulating) reveal larger roughness compared to region 2 (less insulating). 
 
Figure 3.9 Electrical transport and AFM topography characterization of SRO214 thin-films deposited at 950˚C, 
2 Hz, 4 J·cm-2, 0.05 Pa of O2 partial pressure, 1 Pa of total pressure and 10k pulses. a, R(T) characteristic of the 
regions indicated in the inset. b, AFM topography images from region 1 (blue circle) and region 2 (green circle). The 
scale bar in a-inset corresponds to ~ 5 mm and in b, 1 µm.  
a b 
a b 
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Additionally, the phase composition from X-ray diffraction patterns of the thin-films 
deposited at 0.5 Pa and 0.05 Pa is compared. A larger amount of the impurity phases SRO113 
and SRO327 is observed when decreasing the pressure to 0.05 Pa of O2. 
 
Figure 3.10 Phase composition of SRO214 thin-films deposited at 950˚C, 2 Hz, 4 J·cm-2, 5000 laser pulses, when 
varying the O2 pressure from 0.5 Pa to 0.05 Pa. X-ray diffraction pattern of a thin-film deposited with a total pressure 
of 0.5 Pa of O2 (top) and a partial O2 pressure of 0.05 Pa and total pressure of 1 Pa (bottom). The peaks are indexed with 
the following phases: SRO214 (yellow) SRO113 and SRO4310 (red), SRO327 (green), RuO2 (pink) and LSAT substrate (blue). 
Based on the electric and structural characterization, it is concluded that lowering the O2 
pressure leads to a more stable SRO214 phase and enhanced electrical properties, with a limit 
set at 0.5 Pa of total O2 pressure for our system. Decreasing the O2 partial pressure further 
(while keeping a total pressure of 1 Pa) does not lead to further improvements in the structural 
or electrical properties.  
From the different depositions, it also becomes evident that the thin-films have different 
regions that can be easily observed directly by eye, which from experimental results are 
correlated to non-uniform electrical properties and different topography. The cause of this 
gradients could be due to a non-uniform distribution of the temperature of the substrate during 
the growth. 
3.5.4 Non-uniform heating 
The temperature distribution of the PLD heater is tested by placing two different substrates 
next to each other on the heater, near the centre of the plume, and depositing two thin-films 
simultaneously (Figure 3.11a inset) at 950˚C, 0.5 Pa of O2, 2 Hz, 4 J·cm-2 and 5000 laser pulses. 
From the R(T) characteristic, it can be observed that the sample located on the right side (grey 
curve) is more metallic with enhanced quality (RRR = 0.21), compared to the sample placed on 
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the right side (green curve) (RRR = 0.09). Additionally, despite of being exposed to the same 
growth conditions, the phase composition analysis also shows disparities between both thin-
films (Figure 3.11b). The left-sided sample, which has worse electrical properties, also 
contains a larger amount of SRO327 when compared to the right-sided film, which has slightly 
better electrical properties. The possibility of the samples being exposed to different parts of 
the plume is excluded since it is ensured that both are located in the area corresponding to the 
central part of the plume. 
 
Figure 3.11 Testing the effect heater uniformity by depositing simultaneously two thin-films on two substrates 
placed next to each other at 950˚C, 0.5 Pa of O2, 2 Hz, 4 J·cm-2 and 5000 laser pulses. a, R(T) curves normalized at 
T = 300 K for two thin-films located next to each other: left (green curve) and right (grey curve). Inset shows a photograph 
of the PLD resistive heater and the corresponding sample arrangement. b, Compositional analysis by X-ray diffraction of 
the thin-film using the following peak indexing colours: SRO214 (yellow) SRO113 and SRO4310 (red), SRO327 (green), 
RuO2 (pink) and LSAT substrate (blue). 
From this experiment, it is concluded that the resistive heater of our setup is limiting the 
further improvement of the thin-film properties during the deposition. Based on that, the 
structural and electrical properties of the thin-films after the deposition are tested with different 
thermal annealing processes. 
3.5.5 Post annealing in vacuum 
The effect of thermal annealing is first tested in vacuum conditions to decrease the number of 
structural defects while preventing Ru loss, on the electric and structural properties of the thin-
film previously described (those labelled as “left” and “right” in Figure 3.11a). 
a b 
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Figure 3.12 Comparison of the electrical properties and phase composition of “as-grown” SRO214 thin-films 
deposited at 950 ˚C, 0.5 Pa of O2, 2 Hz, 4 J·cm-2 and 5000 laser pulses, and annealed in vacuum. a,c R(T) curves 
comparison of thin-films as-grown (green and grey) and after being annealed in vacuum (pink) at 700 ˚C for 20 min at 
0.5 Pa (a) and 0.1 Pa (c). b,d X-ray diffraction pattern of the as-grown thin-film and after being annealed at 700 ˚C for 
20 min at 0.5 Pa (b) and 0.1 Pa (d) with the following peak indexing colours: SRO214 (yellow peaks) SRO113 and SRO4310 
(red peaks), SRO327 (green peaks). 
For the post-annealing treatment, the sample labelled as “left” (green curve) is re-loaded in 
the vacuum chamber and exposed to 0.5 Pa of O2, the same pressure as during the growth, and 
700˚C for 20 min. The R(T) characteristic shows a lower R at high T (> 50K), but a more 
insulating response at low T (< 50K) (see Figure 3.12a and Table 3.1). The reduced value of 
RRR after the annealing process indicates that the quality of the film is not improved as 
expected and therefore the number of defects is not reduced.  
Consistent with the reduction in the RRR, the comparison of the X-ray diffraction patterns 
after annealing shows a larger amount of SRO327 impurity phase (green vertical arrows) 
compared to the as-grown film (Figure 3.12b). As well, from Figure 3.12b it can be observed 
that SRO214 and SRO113 peaks shift to higher angles (horizontal yellow and red arrows), which 
correspond to an insignificant reduction on the c-axis (less than 1%) compared to the as-grown 
values (i.e.- SRO214 by 0.26% and SRO113 of 0.69%).  
Similarly, the annealing in vacuum conditions is tested on the thin-film labelled as “right” 
(grey curve in Figure 3.12c), but this time the sample is exposed to lower O2 pressure to prevent 
a b 
d c 
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the increase of the impurity phase SRO327. This is 0.1 Pa of O2 and 700˚C for 20 min. The 
results after annealing at lower O2 pressure are comparable to those reported of the “left” film, 
with no improvement of the electrical properties and RRR (see Figure 3.12c and Table 3.1), 
besides the successful reduction of the SRO327 impurity phase. From the X-ray diffraction 
pattern, it can be observed a small shift on the SRO113 peaks towards lower angles (Figure 
3.12d  red arrows), which corresponds to an enlargement of the c-axis of 0.4% compared to the 
“as-grown” values, which most likely is due to Ru deficiencies60. 
Table 3.1 Values of resistance, RRR and the c-axis lattice parameter of SRO214 thin-films deposited at 950 ˚C, 
0.5 Pa of O2, 2 Hz,  5000 laser pulses and 4 J·cm-2, “as grown” and after annealing in vacuum conditions. The values 
of the c-axes are extracted from the peak position of the 2theta-omega X-Ray diffraction peaks after correcting the data 
for sample displacement. 
Thin-film 
(O2 Pressure / Temperature) 
R290K 
(Ω) 
R5K 
(Ω) 
RRR = 
R290K / R5K 
c-axis SRO214 
(nm) 
c-axis SRO113 
(nm) 
 As grown (“left”) 3022 34028 0.09 12.734 7.207 
 Annealed  
(0.5 Pa O2 / 700˚C)  
286 6552 0.04 12.700 (-0.26%) 7.155 (-0.69%) 
 As grown (“right”) 3835 18261 0.21 12.710 7.161 
 Annealed  
(0.1 Pa O2 / 700˚C) 	
154 997 0.15 12.706 (-0.03%) 7.196 (+0.4%) 
The fact that no improvement on the RRR is observed after annealing, reflects that apart 
from impurity phases, Ru deficiencies might also be playing an important role in the 
enhancement of the electrical properties at low T as reported in61. 
3.5.6 Post annealing in air 
Given the results after annealing in vacuum, thin-films are now annealed in air inside a crucible 
rich in Ru to try to improve the structural properties as well as prevent the further Ru loss. 
This test is run on a new thin-film deposited at 950˚C, 0.5 Pa of O2, 2 Hz, 4 J·cm-2 and 5000 
laser pulses (same growth conditions as for the previous test), which is annealed in air during 
three different stages. The 1st stage consists of 900˚C for 12 h, the 2nd stage of 1000˚C for 12 h 
and the 3rd stage of 1000˚C for 24 h.  
The R(T) characteristic of the “as-grown” thin-film (grey curve) shows insulating behaviour 
at low T, and a RRR = 0.25 (Figure 3.13a). After the 1st stage, there is an inflexion point making 
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the transition from metallic to insulating behaviour at 170 K. Also, besides the significant 
reduction of the R at high  (290 K) and low T (5 K) (see Table 3.2), the RRR decreases to 0.07. 
From the X-Ray characterization, the reduction of the RRR could be related to the increase of 
the impurity phase SRO113, which was already present in the “as-grown” film, but in a lower 
concentration (Figure 3.13b). The electrical properties of the thin-film after the 2nd (yellow 
curve) and 3rd stage (red curve), follow a similar trend, with lower R at high and low T. However, 
the inflexion point is shifted to 150 K and 125 K respectively, and the values of RRR increase, 
indicating an improvement in the crystallographic structure.  
The peak position of X-Ray data indicates that the c-axis of the SRO214 phase slightly 
decreases (-0.4%) after the 1st stage, compared to the “as grown” values, and then remains 
constant during all the process. Whereas the c-axis of the SRO113 phase increases 2.32% with 
the 1st, and after the 2nd and 3rd stages is reduced a 0.84% and 0.72% compared to previous 
annealing stages. The initial expansion of the lattice parameter could infer that after the 1st 
stage there is a loss of Ru in the SRO113 phase, that it is later recovered; possibly due to the Ru 
rich crucible used. Also, it is worth to mention that the expansion of the SRO113 unit cell follows 
a parallel trend as the RRR values, which points at the Ru content being a key parameter on the 
electrical properties.  
 
 
Figure 3.13 Comparison of the electrical properties and phase composition of “as-grown” SRO214 thin-films 
deposited at 950 ˚C, 0.5 Pa of O2, 2 Hz, 4 J·cm-2 and 5000 laser pulses, and annealed in air. a, R(T) curve comparison 
of thin-films as-grown (gray) and after being annealed in air: 1st stage 900˚C for 12 h  (blue), 2nd stage 1000˚C for 12 h 
(orange) and 3rd stage 100˚C for 24 h (red). c,d X-ray diffraction pattern of the as-grown thin-film and after being annealed 
in air with the following peak indexing colours: SRO214 (yellow peaks) SRO113 and SRO4310 (red peaks), SRO327 (green 
peaks). 
  
a b 
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Table 3.2 Values of resistance, RRR and c-axis of SRO214 thin-films deposited at 950 ˚C, 0.5 Pa of O2, 2 Hz, 4 J·cm-
2,  5000 laser pulses, “as grown” and after 3 different stages of annealing in air conditions. The values of the c-axes 
are extracted from the peak position of the 2theta-omega X-Ray diffraction peaks after correcting the data for sample 
displacement. 
Thin-film R290K (Ω) 
R5K  
(Ω) 
RRR =  
R290K / R5K 
c-axis SRO214 
(nm) 
c-axis SRO113 
(nm) 
As grown 1048 4214 0.25 12.716 7.062 
1st stage 900˚C 12 h 45.0 641 0.07 12.685 (-0.4%) 7.226 (+2.32%) 
2nd stage 1000˚C 12 h 9.6 68 0.14 12.688 (0%) 7.165 (-0.84%) 
3rd stage 1000˚C 24 h	 28.5 113 0.25 12.685 (0%) 7.113 (-0.72%) 
3.6 Conclusions 
This chapter focuses on the optimization of the growth conditions of SRO214 thin-films from a 
polycrystalline target of Sr2Ru1.15O4 on (0 0 1) oriented LSAT substrates.  
Initially, it was studied the influence of the O2 pressure in the chamber and the substrate 
temperature on the electrical and structural properties. When decreasing the O2, it was possible 
to successfully reduce the impurity phases SRO113 and SRO327, increase the RRR, and induce a 
more metallic behaviour at low T. The best results are achieved at 0.5 Pa, where a downturn in 
the R is observed near the superconducting transition of SRO214. Regarding the growth 
temperature, below 950˚C, the RRR rapidly decreases suggesting a narrow window growth as 
previously observed by other authors. 
After a few months, the stability of the structural and electrical properties was tested by re-
measuring the films. The X-ray diffraction pattern and R(T) measurements confirm that there 
was no degradation on the quality of the thin-films. However, only when the electrodes were 
placed on certain parts of the film, the electrical properties could be reproduced, indicating that 
the thin-films are not homogeneous. 
When the partial O2 pressure was further reduced to 0.1 and 0.05 Pa while keeping fixed 
the total pressure in the chamber to reduce the impurity phases, the inhomogeneity of the films 
became more evident, with insulating regions and rough topography.  
To understand if the lack of homogeneity was caused by a non-uniform temperature from 
the resistive heater, a test was undertaken by placing two substrates on different locations of 
the heater, in the centre of the plume, and depositing two thin-films simultaneously. From the 
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results, it was concluded that T plays a very important role in the growth of SRO214 thin-films 
since structural and electrical behaviour differed. 
Therefore, since the electrical/structural properties were limited by the PLD system, 
different thermal post-annealing treatments were tested to try to improve the thin-films after 
the growth. The annealing processes in vacuum and air showed that the Ru content might be 
linked closely to the RRR, and besides using a special Ru rich crucible for the annealing 
treatment in air, the method did not succeed on improving further the electric and structural 
properties. 
To conclude, metallic SRO214 thin-films have been achieved from a stoichiometric target. 
However, the optimization of the growth of SRO214 reached a limitation caused by the non-
uniform heating that prevents reproducible results. Additionally, despite not succeeding with 
the post-annealing treatments, it was revealed the importance of Ru content when trying to 
achieve superconductivity. 
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Chapter 4 Growth of SRO214 Superconducting thin-films 
Chapter	4		
Growth	of	SRO214	Superconducting	
thin-films	
4.1 Background 
In Chapter 3 it is investigated the growth parameters that affect the electrical and structural 
properties of SRO214 thin-films. Although the impurity phases are reduced and the residual 
resistance ratio is enhanced, the structural and electrical properties cannot be improved further. 
As a consequence, a superconducting transition is not achieved with impurities phases such as 
SRO113 and SRO327 still present. In this chapter, further enhancements are implemented by 
systematically examining the target material and substrate properties. 
Until now, other reported attempts to grow SRO214 thin-films by pulsed laser deposition 
(PLD) have been followed, using a sintered (polycrystalline) target43,44 of SRO214. However, it 
is considered that sintered targets are limiting the quality of the resulting thin-film (i.e a low-
density target leads to increased particulates and roughness15, and the multi-grain structure 
could introduce misoriented crystalline regions on the film). Therefore, it would be beneficial 
the use of an alternative target consisting of a single crystal.  
When selecting the stoichiometry of the single crystal target, it should contain excess Ru 
to minimise its deficiency in the resulting SRO214 thin-film (refer to the Background section in 
Chapter 3). Two alternative stoichiometries are considered: Sr3Ru2O7 (SRO327) single crystals 
with 33% excess Ru, and the eutectic phase of SRO214, which would provide additional Ru via 
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inclusions. Based on the advantages and disadvantages of each crystalline target, one is selected 
to proceed with the optimization of the growth conditions. 
For the substrate material, it is used (0 0 1) oriented (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) 
crystals based on similar studies43,44. Additionally, etching the substrates before the deposition 
to obtain a single terminated surface could reduce significantly defects arising from the 
interphase, such as stacking faults1. However, chemical treatment on the substrates is not 
performed here since there is no evidence of a successful etching protocol tested on LSAT yet. 
Instead, the focus is set to enhance the terrace formation since the superconducting transition 
of SRO214 is suppressed when the electron mean free path is of the order of the superconducting 
coherence length62 (ξab = 66 nm). Therefore, low angle miscut LSAT (< 0.05˚) is used, which 
results in larger terraces (> 100 nm), and additionally, a thermal treatment is applied before 
each deposition; which helps to improve the phase termination63. 
As an alternative, different substrates are also taken into consideration to minimize the 
lattice mismatch with SRO214. As discussed in Chapter 3, attempts to use other substrates such 
as (1 0 0) SrTiO3, (1 0 0) LaAIO3, and (1 1 0) NdGaO3, lead to metallic SRO214 thin-films at 
low temperatures; but not superconducting1. Only by molecular beam epitaxy (MBE), thin-
films deposited on (1 1 0) NdGaO3 show evidence of superconductivity47. In this chapter, two 
novel alternative substrates that can provide an ideal lattice matching are introduced: Sr2RuO4 
with substitutional Ti (SRTO) and Sr2TiO4 (STO214) crystals.  
To summarize, this Chapter begins by outlining the floating zone (FZ) method, which is 
used to prepare SRO single crystal targets and substrates. The description is based on the 
knowledge I acquired during my 2 months visit to Prof. Maeno’s research group at Kyoto 
University (Japan), where I prepared the crystalline targets and substrates. Then, the issue 
regarding residual impurities in SRO214 thin-films is discussed, and superconductivity is 
achieved when substituting the polycrystalline SRO214 target with a single crystal target of 
SRO327. The benefits of selecting a low miscut angle LSAT and substrate thermal treatment are 
also reviewed together with the advantages and drawbacks of using alternative targets and 
substrates. 
Finally, I note that the SRO214 thin-films characterised in this Chapter were deposited by 
me at the Seoul National University in Prof. Noh’s laboratory, following multiple research 
visits. 
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4.2 Floating zone method 
SRO single crystals are grown by floating zone method (FZ) using a two-mirror infrared image-
furnace with 2 kW halogen lamps from NEC Machinery, model SC-K15HD-HP. During the FZ 
process, a feed rod is melted in the focal point of the lamps (molten zone) while connected to 
a single-crystal seed. The single crystal is continuously formed while the feed/seed are lowered 
and new parts of the feed melted.  
In this section, the general procedure to prepare SRO single crystals is described; a detailed 
account is provided elsewhere 23,64,65.  
4.2.1 Feed preparation 
The feed is prepared from the solid solution of SrCO3 powder with less than 7 ppm of Ba and 
RuO2 powder with 99.9% purity to ensure high purity single crystals. 
The SRO single crystal should grow from a Ru rich feed to compensate for Ru loss during 
the growth due to its high volatility. The initial mixture for the feed preparation of RuO2 and 
SrCO3 contains a nominal molar ratio of Ru to Sr (𝑛 = 8𝑁 Ru 	/	𝑁 Sr , where N(Ru) and N(Sr) 
are molar numbers) of n = 1.15 to achieve Sr2RuO4 (stoichiometric nstoic = 1) and n = 1.68 for 
Sr3Ru2O7 (stoichiometric nstoic = 1.33).  
The amount of each reactive needed for the feed rod fabrication (Table 4.1) is based on the 
chemical reactions that occur after calcination. The following corresponds to the case of SRO214  8SrCO© 	+ 𝑛RuO8 	→ 	 Sr8RuO8«8 + 8CO8. 4.1 
After the FZ growth of SRO214, the reaction is written considering the evaporated RuO2 as Sr8RuO8«8 → 	 Sr8Ru¬O8¬«8 + (𝑛 − 𝑛′)RuO8 4.2 
where 𝑛¬ = 𝑛(E/𝐿) − E.°°𝐿, with 𝐿 = 𝑀±²8/𝑀t³8±´²µ, being the mass of the evaporated RuO2 
divided by the mass of the feed melted to form a single crystal. The modified molar ration, n’, 
help us to understand if the initial n value used was correct. 
Once the amount of each reactive is calculated, the following steps prepare the feed rod 
(see Figure 4.1): 
1. dry SrCO3 500˚C for 1 hour; 
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2. weigh the RuO2 and SrCO3 on weight paper (do not use a metallic spoon to avoid any 
cross-contamination); 
3. pour the weighed powders into an agate mortar (only for SRO purposes), place inside 
a plastic bag, flush the air inside the bag several times with N2 and seal the bag with 
tape; 
4. mix the materials until the white powder is not visible (~ 1 h); 
5. prepare the pellet, and with the aid of a plastic stick, turn the inside of a rubber balloon 
out; 
6. wash the inner side of the balloon with the powder mixture to avoid cross-
contamination; 
7. turn the balloon inside-out, fill it with the mixed powder (~ 5 g) and close with two 
knots; 
 
Figure 4.1 Schematic illustrations showing the steps for the feed rod preparation. 
8. prepare the pellet to be pressed; attach a string to one of the extremes and insert the 
pellet into a paper tube (4-6 mm diameter / 100-120 mm length), which will determinate 
the final shape of the pellet; 
9. place the pellet into a hydraulic press (Model: Nichiden SPT199-10T) and apply 
1200 kg·cm-2 in water for 5 minutes; 
10. after pressing, remove the paper cylinder,  place the rod with the balloon on a clean 
surface; 
11. cut one of the knots of the rubber balloon and after cutting the balloon, it will slide 
immediately because it was stretched, so it is important to secure the rod with a finger 
and avoid it from being ejected and falling apart; 
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12. calcinate the rod into pellets; place the rod on an alumina crucible or boat (previously 
coated with some SRO214 powder to avoid Al contamination); ramp-up to 1150˚C in air 
for 3 h, keep the temperature for at least 24 h, and return to room temperature; 
13. crush the pellet, repeat from step 5 onwards; re-sinter ramping to 1420˚C in air during 
4 h, keep for 2 h to evaporate the CO2, and return to room temperature. 
 
Table 4.1 Calculated values of the required amount of RuO2 and SrCO3 powder for the feed fabrication of SRO214 
and SRO327 single crystals. Molecular weight considered Sr = 87.62(1) g/mol, Ru = 101.07(2) g/mol, O = 15.9994(3) 
g/mol and C = 12.0117 g/mol. 
 nstoic n Compound 
Molecular weight  
(g / mol) 
Weighted amount  
(g / mol) 
Amount /g RuO2  
(g / gRuO2) 
Sr2RunO4 1 1.15 
RuO2 133.068 153.028 1 
SrCO3 147.629 295.258 1.929 
Sr3Ru(3n/2)O7 1.33 1.68 
RuO2 133.068 335.331 1 
SrCO3 147.629 442.887 1.320 
 
4.2.2 Seed preparation 
The seed is a single crystal with the required (final) orientation, which is attached to a ceramic 
holder during the FZ growth to ensure the right alignment (see Figure 4.2a). 
 
Figure 4.2 Photographs showing the floating zone system preparation before and after the growth of single 
crystals. a, View of an SRO214 seed mounted on the holder (orange arrow indicates crystallographic orientation). a, b, 
Setup of the feed and seed before growth (b) and the resulting SRO214 single crystal (c) after the growth. The scale bar in 
a, corresponds to ~ 1 cm, and in b,c, to ~ 5 cm. 
4.2.3 Single crystal growth 
Initially, the seed is located at the bottom of the FZ furnace and the feed is suspended from a 
wire (Figure 4.2b). Before the growth, they must be well aligned to ensure later a successful 
a b c 
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connection while spinning on different directions (~ 33 rpm). Once adjusted, feed and seed are 
enclosed in a quartz tube and filled with a mixture of Ar and O2 gas. Then it is set the pressure 
(P), the composition of the gas mixture and the speed of the seed (V1), which determines the 
crystal growth speed. 
During the single crystal growth, the voltage of the halogen lamp is regulated to control the 
temperature at the focal point (molten zone), together with the speed of the feed (V2).  Initially, 
the feed is lowered and its temperature increases as it gets closer to the molten zone, where the 
tip melts above 2000˚C. At this point, the seed is raised to connect to the melted tip of the feed, 
and when the connection is stable the rotation of the seed and feed about their axis in opposite 
directions is started. The single crystal starts to form and by pulling the seed and feed down, 
the feed continues melting and the single crystal already formed cools down as it leaves the 
molten zone (Figure 4.2c). 
Table 4.2  Summary of the growth conditions for different single crystals of the SRO family. (From 65). 
 
4.2.4 Caution and cleaning 
To minimize the cross-contamination with other materials during the single crystal fabrication, 
a dedicated agate pestle/mortar and furnace are used for SRO fabrication. Before adding the 
powders, the pestle and mortar are wiped with ethanol, then washed with 3% of hydrochloric 
acid and rinsed in water. The moisture is wiped with lint-free paper and washed once again 
with ethanol.  
4.2.5 Cutting the single crystal into sections 
The single crystal is cut into sections to ease the cleaving process. The single crystal is attached 
to a glass slide with glue (Model Phthalic Glue S, Nikka Seiko Co., Ltd.) and cut with a diamond 
saw. Finally, the glue is melted with a soldering stick, allowing the different sections to be 
separated. Each section is labelled with letters A-Z, starting for the seed side. 
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4.2.6 Cleaving the single crystal 
Single crystals have to be cleaved to prepare substrates (or targets). To do so, a single edge 
blade is aligned parallel to the selected planes of the single crystal (in Figure 4.3a the (0 0 l) 
planes are selected) and then, slowly tapped on its surface while dipped in IPA. If the position 
of the blade is correct, small pressure should be enough to easily slide and divide the crystal 
into parts. As a reference, after the first cleave of SRO214, the inner part of the rod becomes 
visible and has a specular surface, which corresponds to the (0 0 l) planes. Further cleaving is 
required until the top and bottom surfaces are flat and suitable for epitaxial growth with good 
thermal contact (Figure 4.3b). 
 
Figure 4.3 Schematic illustrations of the SRO214 cleaving process. a, Illustration of the first cleave from a section of 
a single crystal rod by inserting a single edge blade along the (0 0 1) plane. b, Further cleaving of the single crystal to 
prepare a suitable substrate for PLD growth. The process is carried out in a beaker filled with IPA. 
4.3 Selection of the target and substrate 
4.3.1 Sr3Ru2O7 single crystal target 
For the PLD growth of SRO214 thin-films, a set of Sr3Ru2O7 (SRO327) single crystals grown by 
the FZ method (at Professor Maeno’s laboratory) is prepared. We first examine the crystals 
under an optical microscope with polarized light, looking for the lowest content of SRO113 
impurities. Figure 4.4a-c shows optical images from representative crystals showing little or 
no SRO113 impurity phase (see shiny spots highlighted with pink arrows). From SEM-EDX, the 
Sr to Ru ratio (Sr:Ru) is 2:1.40, being the closest stoichiometry SRO327, with a Sr:Ru ratio of 
2:1.33 (Figure 4.4d). The X-ray diffraction on one cleaved crystal reveals SRO214 impurity 
phase, which is commonly observed on SRO327 single crystals65. The diffractogram matches 
the aimed stoichiometry, and there is an unidentified peak labelled as “*” with low intensity; 
close to the background level. 
  
a b 
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Figure 4.4 Surface characterization of an SRO327 single crystal. a-c, Optical images using polarized light of three 
different cleaved SRO327 single crystals from the same batch showing traces of SRO113 impurity phase. d, SEM-EDX 
compositional analysis confirming a Sr/Ru ratio close to SRO327 stoichiometry. e, X-Ray scan of the (0 0 l) diffraction 
peaks of a cleaved crystal indicating that SRO327 is the main phase (green), with traces of SRO214 impurity phase (yellow). 
There is an unidentified peak “*” (pink). Scale bars in (a-d) are 500 µm wide.  
4.3.2 Eutectic SRO214 single crystal targets 
Eutectic SRO214 single crystals are known to host Ru inclusions, which could provide the 
necessary excess of Ru to avoid deficient thin-films. Based on the literature and after analysing 
the surface of several batches under an optical microscope (Figure 4.5), two major 
disadvantages are observed. Firstly, the distribution of Ru inclusions is nonuniform (see white 
lines highlighted with white arrows in Figure 4.5b,c) and also they cannot be controlled during 
the fabrication of the single crystals. This would likely cause reproducibility issues on the 
stoichiometry of the SRO214 thin-films. Secondly, SRO214 single crystals are known to contain 
the impurity phase SRO113 (see shiny spots highlighted with pink arrows in Figure 4.5b,c.). 
Eutectic SRO214 is therefore not a suitable alternative polycrystalline SRO214. 
From now on, this chapter will focus only on the optimization of the growth of SRO214 thin-
films using SRO327 single crystal targets. 
a b c 
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Figure 4.5 Optical microscope image with polarized light of an eutectic SRO214 single crystal with Ru inclusions. 
a-c, An image corresponding to a eutectic SRO214 single crystal (a) and detailed views of it (b-c). The white arrows 
indicate Ru inclusions (white lines) and the pink arrows SRO113 impurities (shiny spots). The scale bar in (a) represents 
500 µm and in (b-c), 100 µm. 
4.3.3 LSAT substrate 
LSAT crystals are annealed before the deposition to treat the surface for the growth of SRO214 
thin-films. In contrast to Sr2TiO4, annealing LSAT does not produce a single terminated surface. 
However, R. Bachelet et al.63 concluded that it is possible to create an atomically flat surface 
with a striped pattern on LSAT by annealing in air at high temperatures (up to 1300˚C). 
Therefore, annealing the LSAT to promote terrace formation is tested in the main chamber in 
ultrahigh vacuum (0.38 Pa) for 30 min at 950˚C  with an infrared diode laser heater (warming 
ramp rate of 50˚C·min-1) before the growth of SRO214 films. An example of the resulting surface 
is shown in the AFM topography image in Figure 4.6, which contains steps with a height of 
about one unit cell of LSAT and terraces with a width larger than 100 nm. 
 
Figure 4.6 AFM topography of the surface of LSAT. The substrate has been annealed in ultrahigh vacuum for 
30 min at 950˚C to promote terrace formation. 
4.3.4 Alternative substrate 1 – Sr2Ru0.98Ti0.02O4 single crystals 
The out-of-plane mismatch between SRO214 and LSAT may introduce structural defects in 
SRO214. This can be overcome by depositing SRO214 thin-films onto lattice-matched substrates, 
a b c 
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such as non-superconducting crystals of SRO214. The SRO214 substrate must be non-
superconducting to be able to isolate the electrical properties of the SRO214 thin-films deposited 
onto them. Insulating behaviour is ideal over metallic to eliminate the proximity effect between 
the SRO214 thin-film and the SRO214 substrate (which would reduce the critical temperature for 
the superconductivity of SRO214). Insulating Sr2Ru0.98Ti0.02O4 (SRTO) crystals are achieved by 
doping SRO214 crystals during the FZ growth with 2% Ti, which substitutes Ru62. 
Following the FZ method, SRTO single crystals are prepared at Kyoto University 
(Professor Maeno’s laboratory). An example of a resulting batch can be seen in Figure 4.7a, 
which is divided into sections (A-E). SEM-EDX scans on section E (Figure 4.7a) confirms the 
Ti content (Ti ≈ 2 %), and powder X-ray diffraction indicates that the single crystal is mainly 
composed by SRO214 phase (Figure 4.7c), with a non-identified peak (labelled as “*”); 
potentially associated to SRO113 impurity phase.  
 
 
Figure 4.7 Sr2Ru0.98Ti0.02O4 single crystals fabricated using the FZ method. a, Photographs of the single crystal rods 
divided into sections, from the seed to the feed, A-F respectively. b, SEM-EDX analysis on section E confirming 2% of 
Ti content. c, X-ray powder diffraction on section E confirming SRO214 single phase. The scale bars in a,b correspond to 
1 cm and 500 µm respectively. 
  
a 
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4.3.5 Alternative substrate 2 – Sr2TiO4 single crystals 
Sr2TiO4 (STO214) crystals could be a suitable substrate for the growth of SRO214 thin-films 
based on the good lattice matching with SRO214 and the absence of superconducting properties, 
but inconveniently only polycrystals are available.  
However, during the progress of this PhD thesis, single-crystalline domains have been 
achieved on polycrystals by Prof. Maeno et al. The Figure 4.8a-c shows optical microscope 
images of three different STO214 substrates, with detailed images displaying the single 
crystalline regions (Figure 4.8d-f respectively). These substrates are cuts from the crystal rod 
with a blade in IPA since they cannot be cleaved, and one side polished to ensure good thermal 
contact during the deposition of the thin-film. 
The fact that the oriented domains are just a small fraction in the polycrystalline substrate 
represents an issue for the grow epitaxial thin-films and, when trying to find the location of the 
crystalline region after the deposition. Moreover, the fabrication of these crystals is of extreme 
complexity and only a few samples are currently available. Thus, an adequate strategy is needed 
before carrying on with the STO214 substrate alternative. 
Therefore, the possibility to explore the growth of SRO214 thin-films on STO214 crystals, or 
instead on STO214 epitaxial thin-films, on STO113 substrates66 is open for future projects. 
 
 
 
Figure 4.8 Optical microscope images of STO214 crystals. a-c, Images of three different STO214 crystals and the 
corresponding amplified view for each sample, (d-f) respectively. The area marked with a yellow dotted line delimitates 
single crystalline regions, and “x” and “y” the dimensions inside. Scale bars in a-c represents 500 µm and in d-f represents 
100 µm.  
a b c 
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4.4 Thin-films fabrication set up 
4.4.1 Description of the PLD system 
SRO214 thin-films are deposited with a PASCAL system at Profesor Tae Won Noh’s laboratory 
in South Korea. During the deposition, the substrate is in thermal contact with a SiC absorber, 
which is heated by a diode laser able to reach up to 1000˚C. The target is mounted on a vertical 
configuration, located at the bottom of the chamber, which decreases the number of particulates 
reaching the substrate surface and helps to fabricate flatter thin-films. The system can allocate 
up to six targets and during the growth, the selected target can rotate about its axis to avoid 
overheating one spot while is ablated by a Lambda Physik KrF pulsed-laser (λ = 248 nm and 
spot size of 1.5 x 1.5 mm2). For the growth of SRO214 thin-films, the rotation of the target is 
fixed, and the target carousel is twisted a β-degree to ablate the surface of the SRO327 single 
crystal along a line (Figure 4.9). 
 
Figure 4.9 Schematic illustration of the PLD system used for growing SRO214 thin-films from the ablation of single-
crystal SRO327 targets.  
The laser fluence is measured with a power meter through a viewport outside the chamber 
by setting the laser to 10 Hz for 5000 pulses (127 W is equivalent to 0.6 J·cm-2 from previous 
calibrations). Before adjusting the fluence, it is required to rotate (or replace) the quartz that 
protects the inner part of the viewport of the incoming KrF laser since its transparency can be 
drastically reduced after several depositions due to the volatility of Ru.  
The PLD chamber is equipped with a load-lock to avoid breaking high vacuum in the main 
chamber each time a new substrate is inserted. The load-lock is vented by inserting N2 gas until 
atmospheric pressure is reached, which prevents moisture from attaching into the chamber 
walls. Every substrate ready for the deposition or replacement target loaded in the chamber, is 
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heated first (250˚C for 30 min) with a resistive heater to remove any organic material before 
being transferred into the main chamber. 
4.4.2 Target preparation 
Single crystalline targets of SRO327, grown by floating zone method as described in (Section 
4.2), are cleaved in isopropyl, with dimensions of approximately 3 ´ 10 ´ 0.5 mm3. The cleaved 
crystals are ultrasonicated in acetone (10 min), then in isopropanol (10 min) and dried using 
nitrogen gas. The surface of the crystals is examined under an optical microscope with polarized 
light to confirm a low concentration of Ru and SRO113 surface impurities. As shown in Figure 
4.10a, the selected SRO327 single crystal is attached to an SRO214 polycrystalline target using 
Epoxy-Ag paste and cured for 30 min at 150˚C in air. This is to prevent the contamination of 
the chamber from other materials rather than Sr, Ru or O when aligning the KrF laser. Before 
loading it to the main vacuum chamber, the target (with the holder) is backed for 30 min at 
250˚C in vacuum inside the load-lock. 
4.4.3 Substrate preparation 
LSAT substrates (from Crystech) are ultrasonicated in acetone (10 min), then in isopropanol 
(10 min) and dried using nitrogen gas. Then, they are attached to a SiC crystal (10 ´ 10 mm2) 
with one drop of Pt paste (Tanaka Kikinzoku Kogyo K.K.) and secured with metallic clips onto 
the substrate holder (Figure 4.10b). It is important to ensure that the back of the substrate is 
fully covered by the Pt paste to prevent cracks during the growth due to non-uniform heating 
(see Figure 4.17). Before being loaded in the main chamber, the substrates are pre-baked for 
30 min at 250˚C in vacuum in the load-lock chamber to evaporate any solvent acquired during 
the cleaning process or from the Pt paste.   
 
Figure 4.10 Photographs showing the target and substrate holders. a, View of the SRO327 single crystal target 
mounted on an SRO214 polycrystalline target holder. b, Substrate holder showing how the LSAT is attached to a SiC 
absorber and secured with metallic clips. The scalebar in b corresponds to ~ 10 mm. 
a b 
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4.4.4 Growth optimization: fluence, oxygen and temperature 
dependence 
Due to the implementation of the SRO327 single crystal target and the use of a different PLD 
set up, the growth conditions of SRO214 thin-films need to be re-adjusted (oxygen pressure, 
laser fluence and temperature) compared to the prior growth optimization (see Chapter 3).  
Since the starting material is an SRO327 target, the goal is to reduce the content of Sr, Ru 
and O to achieve the stoichiometry of SRO214 on the thin-films. The content of Sr can be 
reduced by increasing the pressure in the chamber; slowing down the light elements. However, 
the PD scaling law (Pressure x Distance = constant) introduced by H. S. Kwok et al.67 
demonstrates on YBCO thin-films deposited by PLD, that there is an empirical correlation 
between the target-substrate distance and the pressure in the chamber related to the plasma 
properties of the plume. Therefore, since our new set up configuration has a larger target-
substrate distance, the O2 pressure should be reduced to achieve a similar speed of the ablated 
material. Therefore, the first experiments consist of decreasing the pressure from 1 to 0.09 Pa, 
which also helps to decrease the O2 content. 
 
Figure 4.11 X-ray diffraction pattern showing the effect of reducing laser fluence on the variation of the final 
stoichiometry of thin-films from SRO327 to SRO113. Sr2TiO4 substrate peaks are marked with “•”, and fluence values 
in ascending order are 0.43, 0.43, 0.67, 0.92, 1.42 and 2.08 J·cm-2. (From 68).  
Complementary, the selection of the laser fluence it is based on a study performed by T. 
Ohnishi et al.68. They showed that changes in the laser fluence can modify the final 
stoichiometry of the resulting thin-films; from SRO214 to SRO327; when using an SRO113 target 
(poly-crystal) for all the depositions. At a high laser fluence (2.08 J·cm-2) the resulting thin-
film is mainly composed by SRO327 phase, whereas a continuous decrease in the laser fluence 
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reduces the fraction of SRO327 and promotes the growth of SRO214 until reaching single-phase 
films (0.43 J·cm-2) (see Figure 4.11).  Based on that, here it is studied the range from 1.40 to 
0.75 J·cm-2. 
Following previously reported results on PLD, there is a narrow growth window for the 
growth of stable SRO21443 thin-films that constrains the range of temperatures available. Based 
on the limitations, SRO214 thin-films are deposited between 950˚C and 1050˚C to ensure the 
stabilization of SRO214 single-phase and high-quality thin-films.    
4.5 Discussion 
The optimization begins with the adjustment of the O2 pressure while depositing SRO214 thin-
films at 950˚C by PLD with a laser fluence of 1 J·cm-2, a repetition rate of 2 Hz, 5000 pulses (t 
≈ 23 nm) and a substrate-to-target distance of ~	50 mm. X-ray diffraction of the (0 0 l) planes 
in a 2θ-ω scan (Figure 4.12a) shows epitaxial and c-axis oriented growth. Thin-films deposited 
at high O2 pressure (1 Pa) have an additional phase, attributed to SRO327. This can be observed 
from the splitting of the diffracting plane (0 0 8)214, into (0 0 12)327 and (0 0 12)327. Thin-films 
deposited at lower O2 pressure (0.35 Pa) show no traces of impurity phase and sharper peaks, 
indicating less structural defects, i.e. large microstrain and small crystallite size out-of-plane, 
and thickness fringes, indicating higher quality films. When the O2 pressure is further decreased 
(0.09 Pa), the X-ray data shows an additional diffraction plane, marked as ”*”, which could 
belong to a phase from the Ruddlesden-Popper family, i.e. (0 0 10)327, (0 0 14)4310 or (2 1 0) 
diffraction plane of RuO2, and wider peaks. 
Given the narrow growth window of O2 pressure, 0.35 Pa is selected to study the 
dependence of the laser fluence on the phase composition, keeping fixed the remaining growth 
conditions (950˚C, 2 Hz, 5000 pulses) (Figure 4.12b). X-ray diffraction of thin-films deposited 
at high laser fluence (1.40 J·cm-2) shows broad diffraction peaks, indicating localized strained 
regions or small crystallite size in the out-of-plane direction. The structural properties of the 
thin-films improve when the fluence is decreased (1.00 J·cm-2) since the peaks get shaper and 
thickness fringes become visible. A further decrease (0.75 J·cm-2) also shows improved 
structural properties, and additionally, a small shift of the peaks towards higher angles, meaning 
the shrinkage of the out-of-plane lattice parameter, possibly due to a lower content of Sr on the 
film68. 
We now discuss the electrical transport properties of the thin-films previously characterised. 
From the temperature (T) dependence of the resistance (R) normalized at room temperature 
(Figure 4.13), only the films deposited at 0.35 Pa and 1.00 J·cm-2 show the beginning of a 
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superconducting transition (yellow plot). A closer look at its low T response can be observed 
in the inset of Figure 4.13a, when decreasing the applied current (300 – 3 µΩ) the onset 
temperature of the superconducting transition (Tc) is shifted to a higher temperature, setting the 
value in 0.4 K (below bulk value < 1.5 K). The other growth conditions tested show metallic 
behaviour down to 3 mK (grey plots).  
 
Figure 4.12 X-ray characterization of SRO214 thin-films with varying O2 pressure and laser fluence during 
growth when using an SRO327 single crystal target. a, b, Thin-films deposited on LSAT at 950˚C, 2Hz and 5000 
laser pulses  (t ≈ 23 nm). a, Keeping a constant laser fluence of 1 J·cm-2, while varying the O2 pressure (as labelled) 
and b, keeping a constant the O2 pressure of 0.35 Pa, while varying the laser fluence (labelled). The diffraction 
planes for SRO214 (yellow) SRO327 (green), and LSAT (blue). The peak marked “*” corresponds to the diffraction 
plane of the Ruddlesden-Popper series (0 0 10)327, (0 0 14)4310 or (2 1 0) diffraction plane of RuO2. 
 
a 
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Figure 4.13 Electric transport of SRO214 thin-films using an SRO327 target when varying the O2 pressure and laser 
fluence. a, b, Thin-films deposited on LSAT at 950˚C, 2 Hz and 5000 laser pulses  (t ≈ 23 nm), with fixed laser fluence 
(1.00 J·cm-2) and different O2 pressure (a), and with fixed O2 pressure (0.35 Pa) when varying the laser fluence (b). Thin-
films with metallic properties (grey) and partially superconducting (yellow). The inset in a corresponds to the transport 
properties of the thin-film deposited at 0.35  Pa and 1.00 J·cm-2 (yellow in a,b) when reducing the applied current. 
We also investigated the effect of T on the surface topography and structural properties by 
atomic force microscopy (AFM) and X-ray diffraction respectively. At 950˚C, only the surface 
of the thin-films deposited at 0.35 Pa with 0.75 J·cm-2 (metallic) and 1.00 J·cm-2 
(superconducting) reveal terrace-island growth with spiral-like steps of half unit cell of SRO214 
(Figure 4.14a-c), whereas at 1.40 J·cm-2 (metallic) the surface shows terrace-like growth. 
Spiral growth is indicative of threading screw type dislocations (see Chapter 5 for additional 
information), and the origin of this defect could be due to the incapability to create single side 
terminated LSAT substrates which leads to nucleation points that promote island growth. 
Similarly, screw dislocations are commonly observed on YBCO thin-films69,70 and they affect 
negatively the superconducting properties of the films due to flux pinning71. PLD studies on 
YBCO thin-films deposited on SrTiO3 and LaAlO3 substrates indicate that superconductivity 
is enhanced when removing this defect by increasing the substrate T during the deposition72. 
a 
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Figure 4.14 AFM topography images of SRO214 thin-films deposited from SRO327 single crystal target to study the 
temperature and fluence dependence on screw dislocations. AFM topography images of the surface of thin-films (3 x 
3 µm) deposited at 950˚C, 0.35 Pa of O2, 2 Hz and 5000 pulses when varying the laser fluence: 0.75 J·cm-2 (a), 1.00 J·cm-
2 (b) and 1.40 J·cm-2 (c), and at 1050˚C when varying the laser fluence: 0.75 J·cm-2 (d), 1.00 J·cm-2 (e) and 1.40 J·cm-2 
(f).The insets in a,c,-f are detailed topographic images (1 x 1 µm), and in b, the inset corresponds to the extracted height 
profile corresponding to the blue line. The scale bars in a-f represents 1 µm, and in the insets, 200 nm. 
Since defects are one of the main suppressors of superconductivity on SRO214, thin-films 
are deposited at a higher temperature to verify if the electric/structural properties could be 
enhanced. At 1050˚C, AFM on thin-films deposited at 0.75 J·cm-2 shows that the screw 
dislocations are removed, but the final result is still inhomogeneous and with percolations 
(Figure 4.14a,d). In contrast, thin-films deposited at 1.00 J·cm-2 show a clear enhancement of 
the terrace growth (without islands) and lower roughness after increasing T from 950˚C to 
1050˚C (Figure 4.14b,e). Thin-films deposited at 1.40 J·cm-2 show a worse topography at a 
higher T; with higher roughness and inhomogeneous surface (Figure 4.14c,f).  
a b c 
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Figure 4.15 X-ray diffraction on SRO214 thin-films from SRO327 single crystal target when varying the growth 
temperature. a-c, 2θ-ω scan on (0 0 l) diffraction peaks of SRO214 thin-films deposited with an O2 pressure of 0.35 Pa, 
a repetition rate of 2 Hz, 5000 pulses and substrate temperature of 950˚C (top) and 1050˚C (bottom) with a fluence of 
0.75 J·cm-2 (a), 1.00 J·cm-2 (b) and 1.40 J·cm-2 (c). The diffraction planes for SRO214 (orange) SRO327 (green), and LSAT 
(blue). The peak marked “*” corresponds to the diffraction plane of the Ruddlesden-Popper series (0 0 10)327, (0 0 14)4310 
or (2 1 0) diffraction plane of RuO2. 
a 
b 
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The effect of increasing T on the phase composition and structural properties is shown in 
Figure 4.15. X-ray diffraction peaks of thin-films deposited at 0.75 J·cm-2 and 1.00 J·cm-2 are 
shaper when increasing T (Figure 4.15a,b); consistent with the lower concentration of screw 
dislocations (microstrain) observed on AFM, and larger crystallite size in the out-of-plane 
direction. Thin-films deposited at 1.45 J·cm-2 also shows shaper peaks at 1050˚C (Figure 4.15c), 
but broader than the other tested conditions and distorted (non-Gaussian or Lorentzian profile), 
most likely due to the presence of out-of-phase boundary defects as seen in44,  and also without 
thickness fringes. It is worth to mention that an additional phase labelled with “*” appears 
independent to the growth conditions. 
The effect of T on the electrical properties is summarized in Table 4.3, which includes he 
contact resistance (Rcontact) (measured on the surface of the thin-film with a multimeter at room 
temperature) and the residual resistivity ratio (RRR), defined as the coefficient between the 
resistivity at room temperature and the saturated minimum in the resistance in metallic samples 
or before the onset for superconducting samples. In general, at higher T, the contact resistance 
is larger and the RRR lower, indicating a larger amount of defects or impurities. Incipient 
superconductivity starting at 0.3 K is only observed on thin-films deposited at 950˚C with 
1.00 J·cm-2, with a RRR of 23, and at 1050˚C with 1.45 J·cm-2, with a RRR of 8.54.  
Table 4.3 Summary of the T dependence on electrical properties when using different laser fluence. T, indicates the 
temperature of the substrate during the deposition, RContact, is the contact resistance and RRR, is the residual resistivity 
ratio (all definitions are included in the text). *Indicates that the substrate shattered during the deposition and could not 
be measured. 
Laser Fluence T (˚C) RContact (Ω) RRR Tc-Onset (K) 
0.75 J·cm-2 
950 200 6.45 - 
1050 500 * * 
1.00 J·cm-2 
950 60 23.00 0.4 
1050 200 5.29 - 
1.45 J·cm-2 
950 50 14.40 - 
1050 60 8.54 0.3 
AFM data confirms that the variations observed on SRO214 topography when increasing the 
growth T are independent of the LSAT substrate since the LSAT surface remains unaltered 
when exposed to the temperature used during the deposition. To confirm that, a fake deposition 
is simulated by exposing two different LSAT substrates to 0.35 Pa O2 for 40 minutes, at 950 
and 1050˚C (including the annealing at 950˚C/30’/UHV), without depositing any material on 
it. In Figure 4.16 it can be observed that the topography remains the same, with similar step 
size and roughness when being exposed 950 or 1050˚C.  
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Based on the overall analysis of structural and electrical properties, the growth conditions 
of the film with incipient superconductivity deposited at 950˚C (1.00 J·cm-2, 2 Hz and 0.35 Pa 
of O2) are optimal. Despite the film deposited at 1050˚C (1.45 J·cm-2, 2 Hz and 0.35 Pa of O2) 
also showing superconducting properties, the value RRR and Tc, larger roughness and the 
structural properties from X-ray demonstrate that the thin-film has poorer quality. Furthermore, 
working at such a high T introduces additional stress on the substrate which often results in the 
shattering of the LSAT substrate during the deposition. 
 
 
Figure 4.16 AFM topography image of LSAT substrates exposed to the same condition as during the growth of 
SRO214 thin-films. a,b, Both substrates has been pre-annealed in vacuum at 950˚C for 30 minutes before being exposed 
for 40 minutes in 0.35 Pa of O2 at 950 ˚C (a) and 1050˚C (b) with no material deposited on them. Scale bar corresponds 
to 1 µm. 
4.5.1 Caution when working at 1050˚C 
One of the disadvantages when heating the substrate at high T for the duration of the growth 
(~ 1050˚C), is that the LSAT substrate ends up shattering during the deposition (Figure 4.17), 
most likely due to thermal stress. To prevent hot spots that lead to this situation, the Pt paste 
added between the substrate and the SiC absorber should be sufficient and uniformly distributed 
while keeping in mind that an excessive amount of Pt paste can contaminate the chamber 
environment. 
a b 
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Figure 4.17 Photographs of the LSAT substrate on the substrate holder after deposition of a thin-film at 1050˚C. 
The substrates are attached to a SiC by Pt paste (see the excess around the LSAT). Arrows highlight cracks on the surface 
of LSAT caused by the high T. The scale  bar in a,b corresponds to ~ 2.5 mm. 
Reproducibility  
We tested the reproducibility of structural and electrical properties of the thin-film grown at 
950˚C, 1.00 J·cm-2, 2 Hz and 0.35 Pa of O2, by depositing an additional thin-film with matching 
growth conditions. From AFM topography images (Figure 4.18), both samples contain screw 
dislocations and step-growth with a half unit cell of SRO214 height; however, one of the samples 
has slightly increased roughness. 
 
 
Figure 4.18 Comparison of AFM topography of SRO214 thin-films deposited from SRO327 single crystal using 
matching growth conditions. a,b, AFM topography images of the surface of thin-films (3 x 3 µm) deposited at 950˚C, 
1.00 J·cm-2, 0.35 Pa of O2, 2 Hz and 5000 pulses showing reproducible results. The thin-films are labelled as sample 1 
(a) and sample 2 (b). The inset corresponds to the extracted height profile corresponding to the blue line.  The scale bars 
represent 1 µm. 
 
 
a b 
a b 
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Table 4.4 summarises the electrical properties extracted from the R(T) characterization 
(Figure 4.19). Since both samples have similar RContact, RRR and present Tc, it is concluded that 
the results are reproducible within minor variations. 
 
 
Figure 4.19 Electrical characterisation of two thin-films deposited with the same growth conditions. a,b, 
Temperature dependence of the R, normalized at room temperature (300 K) of thin-films deposited at 950˚C, 1.00 J·cm-
2, 0.35 Pa of O2, 2 Hz and 5000 pulses. The thin-films are labelled as sample 1 (a) and sample 2 (b). The inset in a,b, 
corresponds to the resistance at low temperature when decreasing the applied current. 
 
Table 4.4 Summary of the electrical properties of SRO214 thin-films deposited using the same growth conditions. 
T, indicates the temperature of the substrate during the deposition, RContact, is the contact resistance and RRR, is the residual 
resistivity ratio (all definitions are included in the text).  
T (˚C) 
Laser Fluence 
(J·cm-2) 
PO2 
(Pa) 
Repetition rate / N pulses Sample 
RContact  
(Ω) 
RRR 
Tc-Onset  
(K) 
950 1.00  0.3 2 Hz / 5000 
Sample 1 60 23.00 0.40 
Sample 2 60 24.87 0.48 
 
a 
b 
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4.5.2 Alternative substrate 1 – Test 
The suitability of Sr2Ru0.98Ti0.02O4 (SRTO) substrates is also tested. A thin-film of SRO214 of 
about 23nm thick is deposited using the optimized growth conditions for LSAT substrate 
(0.35 Pa of O2 pressure, laser fluence 1.00 J·cm-2 and substrate temperature 950˚C) on one of 
the selected SRTO single crystals (section E). 
X-ray analysis on the resulting thin-film (Figure 4.20a), indicates c-axis oriented growth 
of single-phase SRO214. The diffraction pattern of the thin-film compared to an SRTO crystal 
of the same section, show sharper peaks, indicating enhanced microstructural properties (low 
microstrain and large crystallite size out of plane) and thickness fringes. The SRTO 
characterization might differ from the actual substrate used for the deposition since small 
differences might occur between SRTO cleaved crystals. The topography image from AFM of 
the surface of the thin-film reveals screw dislocations and similar roughness  (Figure 4.20a) to 
SRO214 thin-films deposited on LSAT substrates (Figure 4.14b).  
 
Figure 4.20 Characterization of the structural properties and surface morphology of SRO214 thin-film deposited 
on an SRTO single crystal substrate (Sr2Ru0.98Ti0.02O4) Ti. a,b, The growth conditions are 950˚C, 1.00 J·cm-2, 0.35 Pa 
of O2, 2 Hz and 5000 pulses (t ≈ 23 nm).  Comparison of the X-ray 2θ-ω scan on the (0 0 l) diffracting planes of the thin-
film and on a cleaved single crystal of the same section as the substrate (Sr2Ru0.98Ti0.02O4) showing no evidence of 
impurity phases. b, AFM image of the surface (3 x 3 µm) of the thin-film showing screw-type defects. The inset 
corresponds to a 500 x 500 nm scan. The scale bar in (b) and inset correspond to 1 µm and 200 nm respectively. 
The electrical characterization of the SRO214 thin-film deposited on SRTO single crystal 
does not show evidence of superconductivity down to 0.1 K (see Figure 4.21a-b). Regarding 
the structural defects, the thin-film has RRR of 10.30, which is higher compared to the RRR 
measured on bare SRTO single crystal used as a substrate, 4.76. However, this value is still low 
compared to the thin-films deposited on LSAT substrate (RRR ≈ 24).  
a b 
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Figure 4.21 Electric and magnetic characterization of an SRO214 thin-film deposited on SRTO single crystal 
substrate (Sr2Ru0.98Ti0.02O4). a-c, Growth conditions are 950˚C, 1.00 J·cm-2, 0.35 Pa of O2, 2 Hz and 5000 pulses. a, 
Temperature dependence of the resistance (normalized at T = 300 K) of the thin-film (yellow) and twin substrate SRTO 
(grey). b, Corresponds to the low T normalized resistance showing no superconducting transition. c, Temperature 
dependence of the momentum of the thin-film when applying an in-plane magnetic field. Warming data in zero field 
(ZFW) after cooling the sample in 3 T (FC) (yellow) and warming data in 10 mT (FW) after cooling the sample in zero 
field (ZFC) (brown). d Corresponds to the m(T) characteristic of SRTO (from the same batch). 
We also measured the magnetic properties of the thin to confirm if there is any impurity 
undetected by X-ray due to a low concentration. In Figure 4.21c-d, the m(T) curve of the thin-
film shows a transition at a Tc of 160 K, most likely linked to SRO113. A similar transition is 
also observed in the m(T) characteristic of SRTO crystal (section E), indicating that it is very 
likely that the impurity phase is contained in the substrate and not on the resulting thin-film, 
also consistent with the peak labelled as “*” in Figure 4.7c.  
Based on the results, metallic single-phase SRO214 thin-films can be grown successfully on 
SRTO single crystals with similar structural properties as observed when depositing the films 
on LSAT substrates. Therefore, these results open the possibility to grow SRO214 on a different 
substrate not reported previously with the optimized growth conditions. Superconducting 
properties can be achieved by tuning further the growth parameters. 
4.6 Conclusion 
We have reduced the number of residual impurities in SRO214 thin-films by replacing the 
conventionally used polycrystalline target with a crystalline target and improved the surface 
quality of the LSAT substrates. SRO327 single crystals are preferred due to their 33% excess 
a b 
c d 
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Ru, low concentration of impurities and higher reproducibility, which is key for maximising 
the reproducibility of the films. Substrates made of the eutectic phase of SRO214 were rejected 
due to the lack of reproducibility of its Ru inclusions. Additionally, annealed in-situ low angle 
miscut (< 0.05˚) LSAT crystals before the deposition of SRO214 thin-films favoured step 
formation. We measured a terrace width of 100 nm, which is much larger than ξab = 66 nm in 
SRO214 and so minimises step-like defects at the interphase.  
We have investigated the effect of the growth conditions (O2 pressure, laser fluence and 
temperature) on the structural and electrical properties. Incipient superconductivity is achieved 
with an optimal value of O2 pressure and laser fluence of 0.35 Pa and 1 J·cm-2 when studying 
the range 1 - 0.09 Pa and 1.40 – 0.75 J·cm-2. With these conditions, the thin-films showed 
shaper X-ray diffraction peaks, meaning lower microstrain, with thickness fringes, lower 
defects, and low traces of impurity phases (SRO113 or SRO327).  
The evidence recorded of screw dislocations on the thin-films surface could be affecting 
the electrical properties. Therefore, the effect of increasing the growth temperature from 950˚C 
to 1050˚C to reduce the concentration of the dislocations is investigated. However, despite 
successfully removing the screw defects while maintaining incipient superconductivity, films 
deposited at 1050˚C have a higher surface roughness (RMS950 = 380.7 pm versus 
RMS1050 = 417.9 pm), reduced RRR values (RRR950 = 23.0 versus RRR1050 = 8.54) and lower Tc 
values (Tc-950 = 0.4 K versus Tc-1050 = 0.3 K). Additionally, the results indicate that the screw 
dislocations are not related to the surface structure of LSAT substrates. 
The reproducibility of the selected growth conditions was tested by depositing an additional 
thin-film at 950˚C, 0.38 Pa of O2 and 1 J·cm-2, from which matching structural and electrical 
properties were obtained. 
Regarding alternative substrates, the optimized growth conditions on LSAT have also been 
tested on SRTO214, where metallic single-phase SRO214 thin-films are achieved. Single crystal 
targets of STO214 single crystals have been also prepared, however, the optimization of the 
growth of SRO214 is yet to be performed. 
4.7 Future work 
With the analysis performed in this chapter, we leave open the possibility to optimize further 
the grow SRO214 thin-films on SRTO214 substrates to achieve superconducting thin-films. 
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Also, we prepared alternative substrates from STO214 single crystals, and leave open the 
question of how to deposit and characterise SRO214 thin-films on polycrystalline substrates with 
single-crystalline grains in the order of the micrometre scale.  
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Chapter 5 The origin of the suppression of  
Chapter	5		
The	origin	of	the	suppression	of	
superconductivity	in	SRO214	
5.1 Background 
Superconductivity in SRO214 is characterized by a strong sensitivity to impurities and defects, 
which dramatically affects the critical temperature (Tc). However, in a few specific cases, 
crystallographic defects can enhance Tc. This section briefly reviews studies on SRO214 single 
crystals that concern defects but also highlights reports based on thin-films to analyse the 
reason behind the low superconducting transition temperature observed on the thin films with 
the optimized growth conditions (Chapter 4) and look for further improvements on the 
electrical properties.  
The effect of non-magnetic impurities (Al and Si) on the electrical transport properties of 
SRO214 single crystals were investigated by Mackenzie et al.6 They observed a rapid 
suppression of the superconducting Tc and a simultaneous increase in the residual resistivity 
(ρ0) on crystals with impurity concentrations only after exceeding 50 ppm (Figure 5.1a). This 
is because Al and Si impurities are substitutional of the Ru-O conducting planes, and they 
contribute to the reduction of the electron mean free path of the crystal (l) by enhancing the 
electron scattering. The complete suppression of the superconducting transition occurs when l 
closely matches the superconducting coherence length (ξab = 66 nm for SRO214). Kikugawa et 
al.62 performed a similar investigation on SRO214 single crystals, with other non-magnetic 
impurities (Ti), previously studied by Pucher et al.73 (Figure 5.1b), and a magnetic impurity 
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(Ir) (Figure 5.1d); being both substitutional of the Ru sites. As a result, they observed that 
these impurities had the same effect and strongly suppressed the superconductivity, indicating 
that they act as strong potential scatterers as shown for the unconventional superconductor 
UPt374.  
Figure 5.1 Impurity- and defect-induced suppression of the superconducting transition of SRO214 single crystals. 
Analysis of electrical (a, b, and d) and magnetic susceptibility (c). a, Tc versus ρ0 when adding Al impurities (filled 
circles)6 or defects (empty circles). Sharp superconducting transition (< 30 ppm Al, labels: 1,3), broad transition (30-50 
ppm Al, labels: 2,4-8) and no superconductivity (> 50 ppm, label: 10). b,d, ρ versus T when adding Ti62,73 (b and d) or Ir 
substitutional62 (d) and its effect on Tc (d- inset). c, Shifts in Tc before and after thermal annealing to remove defects9. 
Similar to impurities, lattice defects act as strong potential scatterers. Mao et al.9  
introduced lattice defects in SRO214 single crystals by tuning the growth conditions, which later 
removed by a post-annealing treatment. They demonstrated a direct correlation between 
increased defects and residual resistivity (Figure 5.1c); however, they did not characterize the 
exact nature of the defects. 
b 
d c 
a 
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Local enhancements of Tc are caused by Ru inclusions, dislocations, and uniaxial strain. 
Single crystals of the eutectic phase of SRO214 with Ru precipitates have a Tc up to 3 K.75 
However, near the Ru inclusions, there is usually a large concentration of dislocations due to 
internal strain. Ying et al.76 investigated the electrical properties of Ru-free flakes of SRO214 
crystals to identify whether dislocations could be related to enhancements of Tc. They observed 
a local increase of Tc in areas with higher concentrations of edge-type dislocations and 
attributed this to the enhancement of the interlayer coupling in the vicinity of the compressed 
region caused by the dislocations. Nevertheless, despite calling them “edge” dislocations, the 
nature of the defects was not studied in their report.  Lastly, other studies on SRO214 crystals 
(free of Ru inclusions) showed that the Tc increased locally under uniaxial pressure77,78, and 
globally in the presence of tensile or compressive strain79, preferable along in-plane directions80. 
Following with crystallographic defects, there are a few noted in the literature on SRO214 
thin-films. They correspond to stacking faults near the interface with the substrate on thin-films 
deposited on (0 0 l)-oriented (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrates. Most likely they are 
caused by the large out-of-plane mismatch between the thin-film and the substrate 
(69.64%)43,44,46 (Figure 5.2a) and could explain the lack of reproducibility encountered by the 
authors. Besides having stacking faults, there are two reported superconducting thin-films, in 
which the distance between stacking faults was larger than ξ. For one of them, the Tc was locally 
enhanced with a broad transition, for which it is proposed that the superconducting transition 
occurs at higher T in the defect-free regions, and suppressed near stacking faults44 (Figure 
5.2b,c). Besides stacking faults, Tc was enhanced by Nair et al.47 by selecting substrates with a 
large in-plane lattice mismatch to SRO214 and inducing strain on the film. They recorded a Tc 
of 1.9 K for SRO214 films on (1 1 0) NdGaO3 substrates.  
Despite a wide-range of experiments performed on single crystal and a few on thin-film 
SRO214, there is no overall agreement on the nature of the structural defects that directly affect 
superconductivity in SRO214. It is known that magnetic and non-magnetic impurities, as well 
as defects, alter the long-range order of the crystallographic structure of SRO214, which reduces 
the superconducting transition. However, regarding the structural defects, it is still known very 
little about what exact type of defect directly correlates with the suppression of Tc in SRO214.  
In this chapter, we use resistivity measurements to evaluate the impact of defects in SRO214 
thin-films to establish correlations with the suppression of superconductivity. Potential bulk-
like defects are investigated in addition to linear and planar defects; misorientation, dislocations, 
microstrain and strain by X-ray diffraction. 
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Figure 5.2 Stacking faults in SRO214 thin-films. a, Cross-sectional high-resolution transmission electron microscopy 
(HR-TEM) showing stacking faults at the substrate interface6. b, Schematic of lattice distortion caused by stacking faults, 
creating a defective region within the thin-film44. c, Broad superconducting transition due to defective regions on the thin-
films44.  
  
a 
b 
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5.2 Bulk defects from impurities 
During the growth of SRO214 thin-films, other Ruddlesden-Popper phases of the same family 
stabilize when varying the oxygen pressure (see Figure 3.4 in Chapter 3). Magnetic impurities 
of SRO113 and SRO327, coexisting in the matrix of SRO214 might represent a hazard to 
superconductivity since the ferromagnetic exchange field of these phases can act as a pair 
breaker. During the fabrication of single crystals by the floating zone method (see Chapter 4), 
SRO113 phase tends to form when decreasing the seed-feed relative speed. It is worth noting 
that on single crystals, when the concentration of this impurity is low (< 100 ppm), no 
correlation with Tc has been recorded in the literature23, and when the impurity phase is high 
enough (> 100 ppm for single crystals or > 2% for oriented thin-films), they can be 
characterised by X-ray diffraction, from a 2θ-ω scan. Alternatively, if the concentration is low 
they can be distinguished through the temperature dependence of the magnetic susceptibility, 
since SRO113 is ferromagnetic26 with a bulk Curie temperature TCurie of 160 K, and SRO327 is a 
paramagnet25 at low temperature with a maximum paramagnetic moment below 16 K.  
During the fabrication of single crystals, Ru inclusions can also solidify forming the 
eutectic concentration at the core of the crystal; Ru from the surface is lost due to evaporation. 
In SRO214 single crystals, Ru metal inclusions, as well as the SRO113 phase, can be observed on 
the surface of cleaved crystals with an optical microscope23 (Figure 5.3) (see Chapter 4). 
  
Figure 5.3 Optical micrographs of a cleaved surface of SRO214 single crystal showing impurity phases. a, A (0 1 0) 
cleaved surface where the light contrast represents Ru microdomains, and b, is from a (0 0 1) cleaved surface, where the 
light contrast corresponds to regions of epitaxial intergrowth of SRO113 phase in SRO214 (darker contrast). (From23). 
  
b a 
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5.3 Linear and planar defects 
A representative example of electrical properties affected by linear and planar crystallographic 
defects is given by the semiconductor GaN. This material has been widely studied81–84 since 
the performance of electrical devices based on GaN are strongly affected by defects and strain-
induced during the fabrication process. Similar types of crystallographic defects should, 
therefore, be investigated in SRO214 thin-films since they could be potential candidates for the 
suppression of superconductivity. Following GaN reports, the targeted defects  in this study are 
narrowed down to misoriented crystalline regions (tilt and twist) and the consequent 
dislocations (edge- and screw-type), microstrain (µε), crystallite size (L), strain (ε), and 
stacking faults (frequently observed in SRO214 thin-films). 
In the case that any crystallographic defect was present on SRO214 thin-films, they would 
perturb the crystallographic structure in real space, but also induce variations in the form of 
broadening or shifts on the reciprocal lattice points (RLP). We use X-ray diffraction (XRD), 
complemented with transmission electron microscopy (TEM) to evaluate these variations and 
quantify the presence of each structural defect. To do so, it is crucial to understand the direction 
where each defect broadens or shifts the RLP and the type of XRD scan required. Additionally, 
since some defects will enlarge the RLP in the same direction, it is also important to know 
whether they vary linearly when increasing the scattering vector, or they remain constant to be 
able to separate each contribution.   
In the following section, the structural defects analysed  in this study are described together 
with the experimental procedure to quantify them.  
5.3.1 Tilt, twist, edge- and screw-type dislocations 
In the mosaic crystal model, the film is described as the combination of smaller crystallites 
(blocks), misoriented to each other and the substrate. Rotation of these blocks about an axis 
parallel to the surface is known as mosaic tilt, and a rotation about an axis perpendicular to the 
surface is known as the mosaic twist. Tilted and twisted blocks are separated by low-angle 
grain boundaries consisting of dislocations, which can be edge- or screw-like, with a Burgers 
vector (𝑏) perpendicular or parallel to the dislocation line vector (𝑢) respectively.  
Figure 5.4 illustrates how misoriented blocks tilt or twist the family of planes {h 0 0}, 
{0 k 0} and {0 0 l} depending on the direction of the dislocations. For simplicity, only one in-
plane direction is represented as SRO214 has a tetragonal unit cell. 
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Figure 5.4 Schematic illustration showing how tilt and twist affect the {h 0 0}, {0 k 0} or {0 0 l} family of planes 
using the mosaic block model. The model includes the associated edge-type dislocations, in- (a) and out-of-plane (b) 
and screw-type dislocations, in- (c) and out-of-plane (d), represented by its line vector (grey arrow) and its Burgers vector 
(orange arrow).  
When crystallographic planes are rotated with respect to adjacent planes (tilted or twisted), 
they vary the direction of the scattering vector (𝑠, normal to the plane surface). As an example, 
the schematic of the real space in Figure 5.5 depicts an out-of-plane edge dislocation in an 
SRO214 thin-film, caused by the addition of an additional half-plane of (h 0 0) type. As a 
consequence, the {h 0 0} planes are rotated (twisted) and the direction of 𝑠 is changed. In the 
reciprocal space, these changes increase the broadening of the RLP in the direction 
perpendicular to 𝑠. Such broadening is measured from the FWHM of the XRD diffraction peaks 
of a ω scan.  
a b 
d c 
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Figure 5.5 Schematic of an SRO214 thin-film with an out-of-plane edge dislocation in real space and the consequent 
broadening caused in the RLP. In the real space, the represented planes are {h 0 0} and have a white arrow indicating 
its 𝒔, except from the additional half plane, which has a yellow arrow. The edge dislocation is represented by its line 
vector (𝒖), grey arrow, and the Burgers vector (𝒃), orange arrow. It is also illustrated the X-ray diffraction set up of an ω 
scan in edge configuration to measure the degrees of twist. In reciprocal space, the {h 0 0} planes are represented showing 
how variations in 𝒔 increase the width of the RLP, and the corresponding ω scan to measure it. 
In general, the degree of tilt can be extracted from the FWHMω of the (0 0 l) diffracting 
planes by XRD in a standard symmetric geometry. Apart from tilt, the total FWHMω measured 
is also affected in the same direction by the in-plane crystallite size, Lab, and the instrumental 
broadening (Figure 5.6a). Since tilt varies linearly with 𝑠 and Lab is constant and independent 
of 𝑠, its contribution can be separated by plotting the FWHMω in reciprocal space units, Δs, 
against 𝑠. Where the FWHMω is extracted from the pseudo-Voigt profile fit of each (0 0 l) 
diffraction peak and has been corrected for the instrumental broadening as indicated in 
Chapter 2. From the linear fit of the plotted data, the resulting slope corresponds to the degrees 
of tilt (in radians) and the interception with the ordinate axis with 1/Lab: Δ𝑠 = 	E/𝐿¸¹ + 𝑇𝑖𝑙𝑡 ∙ 𝑠 5.1 
Similarly, twist affecting the (h k 0) diffracting planes can be measured from the FWHMω 
with the film mounted in an edge geometry configuration - i.e. by measuring (h k 0) planes with 
an offset in chi (χoffset) of 90˚ (see Figure 5.6b), or by glancing angle in-plane, transmission or 
skew geometry81. For our thin-film geometry in-plane measurements are not physically possible, 
so to maximise the intensity we adopt a skew geometry (non-coplanar) configuration (Figure 
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5.6c). We measure the FWHMω from the (µ	E	©) diffracting planes, which provides a good 
estimate of twist due to the large χoffset (> 70˚ calculated using Equation 2.7)83. From the total 
FWHMω, after applying a pseudo-Voigt fit, the contribution of twist is obtained after 
subtracting the Lab (previously separated from the tilt) and the instrumental broadening (as 
shown in Chapter 2). 
 
Figure 5.6 Summary of the different sources of broadening of the RLP and its measurement method using XRD. 
On symmetric co-planar planes {0 0 l} (a), tilt associated to dislocations, Lab, and µεab cause broadening in the direction 
perpendicular to 𝒔 (measured by ω scans), whereas Lc, and µεc, in the direction of 𝒔 (measured by 2θ-ω scans), and each 
contributions can be separated using the plots indicated below. On in-plane RLP {h k 0} (b), twist and Lab, affect the 
width of the RLP in the direction perpendicular to 𝒔 (measured by ω scans) and Lab and µεab, in the direction perpendicular 
to 𝒔 (measured by 2θ-ω scans). When in-plane measurements are not possible, the width of non-coplanar RLP {h k l} 
with a large χoffset (c) provides a good estimation of in-plane broadening. (Adapted from 85). 
If the concentration of dislocations associated to tilt and twist is high enough, they can be 
visualized by local TEM measurements, with the 𝑔 ∙ 𝑏 analysis, where 𝑔 is the diffracted beam 
direction (also referred to as 𝑠) and 𝑏	is the Burgers vector of the dislocation. In the 𝑔 ∙ 𝑏 
analysis, different 𝑔 are tested to determinate the type of dislocation (edge- or screw-type) 
based on the direction of the dislocation line vector,  𝑢, and 𝑏. When the condition 𝑔 ∙ 𝑏 ≠ 0 is 
fulfilled (𝑏 ||	𝑔), the dislocations have a higher-contrast area and are visible, whereas for the 
a b 
c 
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condition 𝑔 ∙ 𝑏 = 0 (𝑏 ⊥	𝑔), the dislocations remain not visible (as shown in the schematic of 
Figure 5.7).  
 
Figure 5.7 Schematic illustration of an SRO214 thin-film with an out-of-plane edge dislocation and the TEM 𝒈 ∙ 𝒃 
analysis to visualize the dislocations. TEM images are taken using dark field method with two perpendicular diffraction 
conditions (𝒈𝟎𝟎𝐥 and 𝒈𝐡𝟎𝟎), green arrows. The edge dislocation is represented by its line vector (𝒖), grey arrow, and the 
Burgers vector (𝒃), orange arrow. 
5.3.2 Microstrain 
At grain boundaries between misoriented crystallographic regions, the associated dislocations 
produce local variations of the interplanar distance (d), known as in-homogeneous strain or 
microstrain (µ𝜀 = Δ𝑑/𝑑). As illustrated in Figure 5.6a,b, the broadening of the XRD peaks in 
a 2θ-ω scan, FWHM2θ-ω, is affected by µε, FWHM¾¿ , and L, FWHM': 
FWHM8À = 	FWHM' + FWHM¾¿ 5.2 
From the Scherrer equation, FWHM' = 	 Á∙Â'∙ÃÄr(), with K being the shape factor depending 
on the crystallite shape (for simplicity K = 1, see reference86 for further information) λ, the X-
ray wavelength, 1.5406 Å. And FWHM¾¿ = µ ∙ µ𝜀 ∙ tan 𝜃 . By combining the formulas and re-
arranging them we obtain: FWHM8À ∙ cos(𝜃)λ = E𝐿 + µ ∙ µ𝜀 ∙ sin 𝜃λ 		 5.3 
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For the calculation of the out-of-plane µε it is used the FWHM2θ-ω of co-planar diffraction 
peaks -i.e. (0 0 l). Since the broadening in reciprocal space units (Δ𝑠), is parallel to 𝑠, its 
correlation to the real space follows: ∆𝑠 = FWHM	8À/	𝜆	 ∙ cos 𝜃  5.4 
By introducing Equation 5.4 in Equation 5.3, and considering 𝑠 = 𝑠 = 8 sin 𝜃 /𝜆, it is 
obtained: 
Δ𝑠 = E𝐿6 + 8 ∙ µ𝜀6 ∙ 𝑠		 5.5 
From the linear equation (Δ𝑠 = Δ𝑠A + m ∙ 𝑠), the value of µ𝜀6 can be extracted from the 
slope, 𝑚 = 8 ∙ 𝜇𝜀6	, and the information about 𝐿Ã can be obtained from the interception with the 
y-axis axis,	Δ𝑠A = E/𝐿Ã .  
 
Figure 5.8 Schematic illustration of reciprocal lattice map of (h k l) plane indicating the different contributions to 
broadening. a, The figure illustrates that the total broadening in Sx direction as the result of α degrees of tilt, Lab and 𝛍𝜺𝒂𝒃. b, Detailed geometrical considerations for the calculation of the tilt component in the Sx direction. 
The microstrain in-plane,	µ𝜀¸¹, has to be calculated indirectly due to the complexity of in-
plane measurements. This is done by subtracting from the total broadening of a reciprocal space 
map of any (h k l) plane in the Sx direction (Δsx), the projection of the broadening due to tilt 
(Δ𝑠ÍxsÎ), and due to Lab (Δ𝑠'ÏÐ) (see Figure 5.8a). Figure 5.8b illustrates how Δ𝑠Íxs and its 
projection in Sx direction is calculated based on their geometry and knowing the degree of tilt 
(α) and the modulus of the scattering vector (s) given an (h k l) plane and its χoffset 
(Equation 2.7). The value of Lab (Δ𝑠'ÏÐ = E/𝐿uÑ) and α are obtained as indicated  in Figure 
5.6a.  
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It is worth noting that apart from the aforementioned contributions to the total broadening, 
there is also diffuse scattering surrounding each spot originated from the presence of other 
dislocations, stacking faults or impurities, which is neglected in this study as it would require 
synchrotron measurements to obtain higher resolution data.  
5.3.3 Strain 
Apart from creating broadening, a defective crystallographic structure can also shift the RLP 
i.e. strain (ε), defined as the variation of the average value of d.  Materials under strain (or 
compression) experiment the expansion (reduction) of the lattice parameters compared to 
reported values under normal conditions. This type of defect varies the length of 𝑠 (𝑠 = E 𝑑STU) 
while keeping the same direction, resulting in the shift of the RLP. 
Out-of-plane strain (εc), is obtained by comparing the values measured of c-axis extracted 
from the peak position of a 2θ-ω scan of the (0 0 l) planes (𝑐v.ur), with reported values in the 
in non-strained conditions found in the literature (𝑐ÒÓÔ), following: 
𝜀6 = 𝑐v.ur − 𝑐ÒÓÔ𝑐ÒÓÔ , 𝜀¸¹ = 𝑎v.ur − 𝑎ÒÓÔ𝑎ÒÓÔ  5.6 
where the measured values have been calculated from data corrected for sample displacement 
as shown in Chapter 2. 
Similarly, in-plane strain (εab), can be calculated from the in-plane lattice parameter, a or b 
(a = b in SRO214) from a 2θ-ω scan on (h k 0) planes. However, due to the complexities of in-
plane measurements, the in-plane lattice parameters can be obtained alternatively from the 
projections in Sx and Sz of any (h k l) diffracting plane in a RSM (see Figure 2.6). 
5.4 Discussion 
We investigate PLD thin-films with the same growth conditions (950˚C, 0.35 Pa of O2 and laser 
fluence of 1.0 J cm-2) in a range of thicknesses (t), from 15 to 166 nm (Figure 5.9) (see 
Chapter 4 for optimization of the growth conditions).  
In Figure 5.9a the Tc for each film is correlated with its, t, where two differentiated regions 
can be observed; above, and below t = 50 nm. Above 50 nm, all the thin-films are 
superconducting and the Tc increases with t, reaching the maximum value of 1.05 K for 
t = 166 nm. Although it is still below SRO214 bulk Tc (1.5 K), it corresponds to the highest 
reported value of a fully superconducting SRO214 thin-film on LSAT substrate (Figure 5.10a). 
However, below 50 nm, films deposited with a laser repetition rate of 2 Hz show metallic 
 
 
95 
 
behaviour (inside the red bubble), with partial (corresponding to the sample with optimized 
growth conditions shown Chapter 4) or complete suppression of the Tc.  
Additionally, the t-dependence with RRR is plotted (Figure 5.10b), defined as the 
coefficient between the resistivity at room temperature and the saturated minimum in the 
resistance in metallic samples or before the onset for superconducting samples. For the 
superconducting samples (included in the blue bubble) RRR is enhanced with the t, with the 
highest recorded value of 110 (t = 100 nm), which is high relative to equivalently-thick SRO214 
films reported elsewhere (Figure 5.10b). In comparison, metallic films (t < 50 nm) show a 
reduced RRR, pointing at the presence of defects. 
 
Figure 5.9 Characterization of the electrical properties of SRO214 thin-films when varying the film thickness. a,b 
Thickness dependence of the Tc (a) and the RRR (b). Blue bubbles identify superconducting samples and red bubbles 
metallic samples (including partially superconducting thin film with optimized growth conditions from Chapter 4). Error 
bars in a represent the width of the superconducting transition. 
It is worth noting that below 50 nm superconductivity is observed in one film (t = 15 nm). 
Since this film is deposited with double laser repetition rate (4 Hz) compared to the rest of the 
films, it is represented by an empty square. 
For the superconducting thin-films, we calculated the superconducting coherence length in- 
and out- of plane at 0 K, ξab(0) and ξc(0) from the upper critical field in-and out-of-plane at 0 K, 𝐻68¸¹and 𝐻686 (0) following: 𝐻686 = 	ϕA/8𝜋𝜉¸¹8  5.7 𝐻68¸¹ = 	ϕA/8𝜋𝜉¸¹𝜉6 	 5.8 
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where ϕA  is the superconductor flux quantum ( ϕA = Ø8. = 8.AÙÚ ∙ EAÀE°kg ∙ m8 ∙ sÀ8 ∙ AÀE ) 
derived from the combination of the Planck constant (h) and the electron charge (e). 
 
Figure 5.10 Comparison of the electrical properties of SRO214 thin-film from our study and previously published 
results. a,b Thickness dependence of the Tc (a) and the RRR (b). Blue bubbles identify superconducting samples and red 
bubbles metallic (including partially superconducting) samples from this thesis, and squares and circles and represent 
PLD and MBE respectively. Error bars in a represent the width of the superconducting transition. 𝐻68¸¹and 𝐻686 (0) are known values from electrical transport measurements when applying 
different in- and out-of-plane magnetic fields. For each field, the temperature at which the 
normal resistance drops 50 or 90% is recorded (labelled as “Rn50” and “Rn90” in the example 
shown in Figure 5.11a). From extrapolation of the recorded temperatures to 0 K, 𝐻68¸¹and 𝐻686 (0) are obtained with an error bar that indicates the difference between 50 and 90% drop in 
the normal resistance (see example in Figure 5.11b). 
 
Figure 5.11 Example showing the procedure to obtain the upper critical field in-plane 𝑯𝒄𝟐𝒂𝒃. a, Example of a R(T) 
characteristic with an applied field in-plane of 200 mT fitted to obtain the temperature at which a drop of the normal 
resistance of 50% (Rn50) and 90% (Rn90) occurs. b, Applied field versus the temperature of Rn50 and Rn90 extrapolated 
to 0 K to obtain 𝑯𝒄𝟐𝒂𝒃(𝟎) (indicated in the graph). The error bar is the difference between 𝑯𝒄𝟐𝒂𝒃(𝟎) for Rn50 and Rn90. 
a b 
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Since the t-dependence of the ξab and ξc of superconducting samples confirms similar values 
to SRO214 bulk (Figure 5.12a), it is then studied the normal resistivity (ρ0), defined as the 
resistivity at the onset of the superconducting transition, or 0.1 K for metallic films to confirm 
if the suppression of the superconductivity is related to impurities and defects. From Figure 
5.12b it can be observed that superconducting films (inside the blue bubble) have lower ρ0 
compared to metallic or partially superconducting films (red bubble), where ρ0 > 5 µΩ·cm, 
suggesting that defects or impurities might be acting as pair breakers like previously seen on 
single crystals. This is also supported by the decrease of RRR below 40, when t goes under the 
critical value of 50 nm (Figure 5.9b).  
 
Figure 5.12 Characterization of the electrical properties of SRO214 thin-films to correlate non-superconducting 
behaviour with structural defects. a, Correlation between the coherence length in- and out-of-plane (green and orange 
squares respectively) with the film thickness and b, the correlation between the Tc and the normal resistivity (ρ0) when 
varying the thickness. Blue bubbles identify superconducting samples and red bubbles metallic samples (including 
partially superconducting thin film with optimized growth conditions from Chapter 4). Error bars in a represent the 
difference between 50 and 90% drop in the normal resistance. 
Based on the electrical transport properties, a superconducting (t = 66 nm) and a metallic 
(t = 41 nm) thin-film are selected to compare their microstructure and look for potential defects 
or impurities that could perturb the long-range crystallographic order in the metallic film. We 
first look at the surface of the thin-films with an optical microscope, but since no contrast was 
observed (i.e. due to additional phases) a more detailed analysis by TEM is performed on cross-
sections extracted from the films. STEM (Figure 5.13a,g) and HR-TEM images (Figure 
5.13b,h) demonstrate c-axis coherent growth. STEM on the superconducting sample (Figure 
5.13a) additionally reveals inclusions close to the SRO214/LSAT interface that are crystalline 
(see HR-TEM in Figure 5.13f) and EDX compositional analysis confirms that they are mainly 
elemental Ru  (Figure 5.13c-e) or RuO2 (Figure 5.14).   
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On the metallic sample, STEM shows a 1-2 nm thick region (dark contrast indicated with 
an arrow) (Figure 5.13g) with varying composition compared to the SRO214 thin-film. 
Chemical analysis by EDX shows atomic layers that have stoichiometric Sr (green map), are 
Ru deficient (pink map) and rich in O (blue map) compared to the thin-film (Figure 5.13i-k). 
This is also supported by HR-TEM, which shows that there is a lower concentration of heavy 
atoms in that area and stoichiometric SRO214 in the rest of the thin-film (Figure 5.13h,l). The 
formation of this region could be due to the separation of the Ruddlesden-Popper phase into 
SRO113 (perovskite unit cell) and SrO (rocking salt unit cell). In an oxidizing atmosphere, such 
as during the PLD growth, SrO can stabilize into SrO2 leading to an O-rich and Ru-deficient 
region that matches the stoichiometry from EDX analysis. 
 
Figure 5.13 Comparison of the structural and chemical properties of superconducting and metallic SRO214 films. 
a-f, STEM micrographs for a t = 66 nm thick superconducting film (a) showing inclusions at the SRO214/LSAT interface 
and HR-STEM of an area close to the same interface in (b). EDX maps of the inclusions in (a) are shown in c-e for Sr 
(c), Ru (d) and O (e) with a HR-STEM micrograph of the inclusion in (f). g-l, STEM micrograph of a t = 41 nm metallic 
film (g) showing an interface layer of different stoichiometry (dark black line indicated with an arrow) to the rest of the 
film with corresponding EDX maps for Sr (i), Ru (j) and O (k). h,l, HR-STEM on an area of the SRO214 thin-film (h) and 
a b 
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SRO214/LSAT interface (l) showing a decreased concentration of heavy atoms in some of the layers. g-l Depleted region 
indicated with arrows. The scale bars are a, 50 nm, b, f, h, l, 5 nm, c, d, e, I, j, k, 10 nm and g, 25 nm. Note that in (c-e) 
and (i-k), white regions indicate highest (relative) atomic content, whereas intense (pink, green, blue) colouring indicates 
the lack of the corresponding element. 
 
Figure 5.14 Structural characterization of a superconducting SRO214 thin-film near an interface inclusion. a, e, 
HR-STEM micrographs for a 66-nm-thick superconducting film (a) showing inclusions at the SRO214/LSAT interface 
and a closer micrograph of the LSAT/Inclusion interface (e). b-d, EDX maps around the inclusion for Ru (b), Sr (c) and 
O (d). Scale bar in a, 10 nm, b, c, d, 20 nm, and e, 1 nm. Note that in (b-d), white regions indicate highest (relative) 
atomic content, and intense (pink, green, blue) colouring indicates the lack of the corresponding element. 
From the analysis of the microstructure, it is worth noting that there is no evidence of 
stacking faults in the thin-films, as previously reported by other authors in the thin-film 
geometry. However, the non-superconducting thin-film might be linked to the presence of 
SRO113 impurity phase. This information together with the presence of an unidentified peak in 
the XRD analysis (see in Figure 4.15a peak labelled as “*”) that could belong to another 
Ruddlesden-popper phase like SRO327, SRO4310, or RuO2 motivated a further investigation of 
possible impurity phases. It is unlikely that the non-identified phase on the metallic thin-film 
corresponds to RuO2 since no evidence of inclusions have been observed on the TEM 
micrographs and Ru inclusions are generally related to the enhancement of Tc rather than its 
suppression.  
Therefore, we look for magnetic traces coming from SRO113, SRO327 and SRO4310 phases. 
To do so, we study the temperature dependence of the magnetic moment m(T) of the metallic 
thin-film (t = 15 nm) when applying an out-of-plane magnetic field (Figure 5.15a). To quantify 
the signal from the substrate, the data is compared with a control LSAT substrate exposed to 
the same growth conditions as the thin-film, but without depositing any material on it. The m(T) 
data do not show any evidence of SRO113, or SRO4310 since there is not a ferromagnetic 
transition at 160 K or 100 K87 respectively. Regarding SRO327 impurity phase, no maximum in 
T at 16 K is observed, as the signal might be overlapped by the strong paramagnetic signal of 
a b 
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the LSAT below 20 K. We also recorded the m(H) at 20K of the film and the control LSAT 
(Figure 5.15a-inset).	When subtracting the LSAT momentum saturation, msat, to the thin-film, 
the resulting value is lower than 1e-6 emu, which is within the detection limits of the VSM-
SQUID used for the measurements (in pure SRO327 single crystals, the intensity of the 
maximum in the momentum at 16 K is larger than 2e-2 emu). In the hypothetical case that there 
would be 1e-6 emu of SRO327, knowing that the saturation magnetization of SRO327 is 
194.27 emu·cm-3 and that the thin-film surface is 0.195 cm2, the thickness of an SRO327 layer 
would be lower than 0.26 nm.  
 
Figure 5.15 Magnetic characterisation of SRO214 thin-films. a,b Magnetic moment measurements using a 
superconducting quantum interference device with a vibrating sample magnetometer (SQUID-VSM) for a t = 15 nm 
SRO214 metallic thin-film and a control LSAT substrate, when applying an out-of-plane magnetic field. a, Magnetic 
moment versus T, showing no TCurie of SRO113 (~ 160K), saturation moment versus T of the thin-film extracted from b 
(left inset) and moment versus magnetic field hysteresis loops at T = 20K of the thin-film and the control LSAT (right 
inset). b, Moment versus magnetic field hysteresis loops at a range of T (20-300K). 
In the XRD characterization of the metallic thin-film (t = 15 nm), if the non-identified peak 
located between 40-50˚ (marked with an “*” in Figure 4.15a) is matched with the (0 0 10) 
diffraction plane of SRO327 phase, the thickness of a potential SRO327 layer could be calculated 
using the relative intensity ratio, RIR (see Chapter 2). In the mentioned case, the intensity of 
the SRO327 peak would correspond to a layer of 0.46 nm of SRO327, which would produce a msat 
of 1.56e-6 emu; other examples are shown in Table 5.1. 
Despite being able to identify the depleted region of the non-superconducting sample 
observed in TEM, with a combination of SRO327 and SrO, the presence of SRO327 cannot be 
attributed to the suppression of the Tc since this impurity phase is also present in 
superconducting samples (Table 5.1). 
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After confirming that impurities are not breaking the superconducting pairs on SRO214 thin-
films, the focus is now on the study of linear and planar crystallographic defects as they could 
be another source of defects, at a smaller scale, that alter the long-range crystallographic order.  
The t-dependence of tilt is studied on SRO214 thin-films by XRD (Figure 5.16a) from the 
FWHMω of the (0 0 l) diffraction planes. The instrumental broadening is subtracted from each 
diffraction peak (following Chapter 2) and the contribution of tilt from Lab is separated (see 
Figure 5.16a inset for an example of t = 63 nm). Values of tilt extracted from SRO214 films 
with different t show that all films (superconducting or non-superconducting), except for one, 
have similar values of tilt. Therefore, tilt does not affect the electrical properties (see Figure 
5.16b). 
Table 5.1 Calculation of the thickness of a layer of SRO327 in SRO214 thin-films, based on the intensity of the 
diffracted peaks in a 2θ-ω scan using the RIR method.  
Sample 
SRO214 I(0 0 6) 
(counts) 
SRO327 I(0 0 10)  
(counts) 
Ratio 
(SRO327/SRO214) 
ttotal  
(nm) 
tSRO327 
(nm) 
	 	 -	 -	 14 - 
	 7309.00	 210.000	 0.02873	 15 0.41 
	 4835.00	 109.000	 0.02254	 23 0.49 
	 	 -	 -	 30 - 
	 	 -	 -	 41 - 
	 87681.0	 823.000	 0.00938	 61 0.55 
	 	 -	 -	 66 - 
	 	 -	 -	 101 - 
	 310069	 209.000	 0.00067	 166 0.11 
Reference	 8333.29	(73395-ICSD)	
8481.75	
(192343-ICSD)	 1.01781	 	  
Similarly, the t dependence of twist is studied on SRO214 thin-films by XRD (Figure 5.17a) 
from the FWHMω of the (4 1 3) diffraction planes. In the represented values of twist,  the 
instrumental contribution is subtracted (see Chapter 2) and the broadening due to Lab is 
neglected since the calculated value, previously separated from the broadening due to tilt, is of 
the order of the micron metre size (reaching the resolution limit of the detector). The results 
show that the degree of twist (and hence the FWHMω - see Figure 5.17 inset) rapidly rises as 
t decreases below 50 nm, corresponding to the metallic thin-films that do not show a 
superconducting transition. Furthermore, Figure 5.17b demonstrates a direct correlation 
between twist and the suppression of superconductivity by a reduction of Tc (or increase of ρ0 
– see Figure 5.17b inset) when the degree of twist increases. Regarding the sample deposited 
with a laser repetition rate of 4 Hz (empty square), the twist is lower compared to other metallic 
films of similar thickness, inferring that the laser frequency might have a positive effect on the 
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reduction of this defect. However, further studies towards these lines are required to confirm 
that. 
 
Figure 5.16 Tilt of SRO214 thin-films for different thickness and its correlation with electrical properties. a, Degree 
of tilt versus t. Contribution of tilt separated from the Lab by measuring the FWHMω of the (0 0 l) planes. The former 
increases with 𝒔 whereas the latter remains constant (see inset for t = 63 nm). b, Tc as a function of the degree of tilt and 
c, degree of twist versus residual resistivity showing no correlation. The samples marked with “*” in a, b and c, have 
been further studied by TEM g dot b analysis. d, AFM on a 3 x 3 µm2 region of the surface of a t = 23 nm metallic thin-
film showing the presence of screw dislocations and the extracted profile corresponding to the blue line (inset). Scale bar 
in a, 1 µm. Error bars in b represent the width of the superconducting transition. 
The increase in twist with decreasing t (Figure 5.17a) indicates a higher concentration of 
dislocations with 𝑏 in-plane at low t for non-superconducting films. As well, some dislocations 
with 𝑏 out-of-plane are also expected since the degree of tilt in the films is non-zero; also 
corroborated by AFM topography images that show screw type dislocations on the surface of 
the thin-films (Figure 5.16d). To confirm the increase in the concentration of dislocations and 
determine their nature, 𝑔 ∙ 𝑏 TEM analysis is conducted on the superconducting film (t = 66 
nm) and the non-superconducting film (t = 41 nm) (previously studied by TEM). 
a b 
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The superconducting film shows a lower concentration of dislocations (Figure 5.18a-f) 
compared to the non-superconducting film (Figure 5.18g-l). The low density of dislocations 
present in the superconducting film is mainly formed by in-plane edge-like, with 𝑢 in-plane 
and 𝑏 out-of-plane (vertical orange arrow), as they are visible when 𝑏 ||	𝑔AAx (Figure 5.18a-c) 
and not visible when 𝑏 ⊥ 𝑔ØAA (Figure 5.18d-f). 
 
Figure 5.17 Twist of SRO214 thin-films for different thickness and its correlation with electrical properties. a, 
Degree of twist versus t extracted from the FWHMω of the (4 1 3) planes (inset curves offset for clarity). b, Tc as a function 
of the degree of twist, and degree of twist versus residual resistivity (inset) showing a correlation. The samples marked 
with “*” in a and b, have been further studied by TEM g dot b analysis. Error bars in b represent the width of the 
superconducting transition. 
In contrast and consistent with the high degree of twist observed in non-superconducting 
films, the dislocations observed in the metallic thin-film are mostly in-plane and screw-like 
with both 𝑢  and 𝑏  in-plane (horizontal orange arrow), as they can only be resolved when 𝑏  || 	𝑔ØAA  (Figure 5.18j-l) and are extinct when 𝑏  ⊥ 𝑔AAx  (Figure 5.18g-i). This result 
demonstrates that horizontal screw dislocations are a key defect that strongly suppresses 
superconductivity in SRO214.  
In both the superconducting and non-superconducting films, a few threading mixed 
dislocations, with both edge and screw components (tilted orange arrow) are resolved with both 𝑔AAx	and 𝑔ØAA. The presence of threading dislocations with a screw component is consistent 
with the topographic images acquired using an atomic force microscope (Figure 5.16d). 
To complete the structural analysis and since dislocations are linked to local variations of 
d, the values of µε are also calculated. Because µε widens the diffraction peaks in the same 
direction as L, first both contributions are separated to obtain the values of each variable. 
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Figure 5.18 TEM g dot b analysis on SRO214 films. a-l, 𝒈 ∙ 𝒃 analysis by bright field TEM showing dislocations on 
three areas of a lamella from superconducting (t = 66 nm ) (a-f) and metallic (t = 41 nm ) (g-l) SRO214 films (marked as 
“*” in Figure 5.16 and Figure 5.17). The diffraction vectors 𝒈𝟎𝟎𝒍 and 𝒈𝒉𝟎𝟎 are indicated by green arrows and 𝒃 by 
orange arrows (horizontal: in-plane edge dislocations, vertical: out-of-plane screw dislocations, tilted: mixed dislocation). 
The interface thin-film/substrate is marked with a yellow dotted line. Scale bar in d-o, 50 nm. 
 
Figure 5.19 Microstrain and crystallite size out-of-plane of SRO214 thin-films. a,b, t dependence of µεc (a) and Lc (b). 
Each contribution is separated from the total FWHM2θ-ω of (0 0 l) diffraction planes, by fitting the plotted data in 
reciprocal space units, as indicated in the example for t = 63 nm in the inset of b.  
In the out-of-the plane direction, Figure 5.19 depicts the values of µεc and Lc for different 
t of SRO214 thin-films, calculated following the procedure shown in the example of the inset of 
Figure 5.19b for t = 63 nm. Negative values of µεc, which are not physically possible by 
a b c 
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definition, together with the large error bars can be due to poor peak fittings and/or noisy data 
(due to insufficient time per step when collecting the data or the low number of steps). This 
prevents us from being able to identify if there is any correlation between µεc and t, and 
subsequently with the electrical properties. Besides the presence of dislocations, Lc is very close 
to t, with modest variations, which as well could be related to the accumulated error in the 
measurements.  
 
 
Figure 5.20 In-plane dependence of microstrain with the thickness of SRO214 thin-films and the RLP where the 
data has been extracted. a, Correlation between µεab and t, calculated from b, the reciprocal space maps of the (2 0 14) 
planes. 
In the in-plane direction, µεab is extracted from the total broadening of the RLP (2 0 14), 
knowing the contribution from the degree of tilt for each t (Figure 5.16a) and neglecting the 
broadening due to Lab (in the micro meter scale). We observe that the µεab is larger in the non-
superconducting sample, which is in agreement with the higher concentration of dislocations 
and degree of twist. This can be visualized in the RLP (Figure 5.16b), in which the broadening 
in the Sx direction is affected by twist and µεab, and in the Sz direction mainly by tilt and Lc, 
since and µεc was almost zero. 
However, from calculations of µεab on eight thin-films with different t, only the µεab of three 
samples can be provided (see Figure 5.20a). In the five remaining samples, the broadening due 
to tilt in the Sx direction, ΔsTilt_x, is larger than the total broadening from the RLP of (2 0 14) 
planes (Δsx < ΔsTilt_x), which is not physically possible (see Figure 5.8 for clarity). This could 
be because the small amount of µε is easily affected by noise in the data (due to insufficient 
recording time) or inaccurate peak fit (due to the software limitations). 
Finally, the values of in- and out-of-plane strain, εab and εc respectively are calculated. From 
Figure 5.21a, it is concluded that there is no correlation between non-superconducting samples 
and the percent εab, since εab is close to zero except for two samples, following the good in-
a b 
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plane matching with the LSAT (0.07 %). Figure 5.21b shows the values of εc calculated from 
two methods. One from the RLP (2 0 14) (as for the case of εab) and other from the peak position 
of the (0 0 l) diffraction peaks in a 2θ-ω scan (which is more accurate since it considers error 
due to different diffracting angles). From the results, it can be infered that there is a larger 
distortion in the c-axis for thinner films (< 50 nm) compared to thicker films whose c-axis is 
close to bulk values. Based on the large out-of-plane mismatch between the SRO214 thin-film 
and the LSAT substrate (69.64 %), the first layers deposited have larger strain since they try to 
match the LSAT, whereas thicker thin-films are more relaxed with values close to SRO214 bulk. 
This might not affect directly the electrical properties since the current flows mainly in the in-
plane direction. 
 
Figure 5.21 Strain in- and out-of-plane for different t of SRO214 thin-films. a, Strain in-plane, εab, calculated from the 
RLP (2 0 14) and b, strain out-of-plane, εc, calculated from the RLP (2 0 14) and also by 2θ-ω scan of the (0 0 l) 
diffraction peaks (boxes with a circle).  
5.5 Conclusions 
We have systematically investigated the relationship between the structure and electrical 
properties of SRO214 thin-films grown on LSAT by pulsed laser deposition from a single crystal 
SRO327 target. To identify the nature of the structural defect that suppresses superconductivity 
on thin-films below 50 nm, bulk defects (impurities) are studied, followed by linear and planar 
defects (misorientations, dislocations, microstrain, and strain), as potential sources for 
superconductivity suppression.  
Regarding different impurities, the analysis of the microstructure by TEM revealed that 
RuO2 or Ru phases are not linked to the metallic sample. However, the non-superconducting 
sample has a depleted region free or Ru, meaning that the Ruddlesden-Popper phase of Sr2RuO4 
might be separated into a phase rich in Sr and SRO113 or SRO327. The magnetic moment 
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characteristic confirms that there is no SRO113, and if there would be any SRO327, the layer 
would have a thickness below 0.3 nm. We confirm that the un-labelled diffracted peak matches 
SRO327 composition and quantity. However, since this diffracted peak is also present in 
superconducting thin-films, the possibility of SRO327 phase suppressing the Tc is excluded. 
At a smaller scale, small misorientations between crystallites, tilt and twist, are investigated. 
The results show a direct correlation between the degree of twist and the suppression of Tc (or 
equivalently, the enhancement of residual resistivity), which is also consistent with larger 
microstrain in-plane. No correlation with tilt (or microstrain out-of-plane) was observed. We 
confirm the presence of the dislocations in the microstructure and identify their nature by TEM 
g.b analysis. Additionally, it is observed that thinner thin-films have larger out-of-plane strain 
due to the large mismatch with the LSAT substrate. 
 Additionally, a faster laser repetition rate may reduce the degree of crystallographic twist. 
However, due to the lack of evidence to confirm the role of the laser frequency, we encourage 
further analysis of the influence of laser frequency in future research. 
Therefore, based on the evidence provided, it is concluded that the absence of 
superconductivity in films thinner than 50 nm is correlated with the in-plane misorientation 
mosaic twist, linked to in-plane screw dislocations (and the consecutive in-plane microstrain), 
with the most defective region near the SRO214/LSAT interface. And the possibility of 
impurities or strain responsible for the suppression of the superconducting transition is 
excluded. 
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Chapter 6  Conclusions and Future work 
Chapter	6		
Conclusions	and	Future	work	
This work reviews the steps taken in the development of a reliable growth protocol to 
fabricate superconducting Sr2RuO4 thin films by pulsed laser deposition, and identifies the 
nature of the crystallographic defect responsible for the suppression of superconductivity. 
These results set an end to the lack of reproducibility encountered during the past 20 years, and 
opens the possibility to the fabrication of devices for a better understanding of the underlying 
physics of this unconventional superconductor. 
The main conclusions extracted from this thesis are summarized as follows: 
• Superconductivity is achieved on Sr2RuO4 thin films when the conventional Sr2Ru1.15O4 
poly-crystalline target is replaced with a Sr3Ru2O7 single-crystal. 
• The optimal growth conditions are obtained on films deposited on (0 0 1) LSAT 
substrate at 950˚C, with an O2 pressure of 0.35 Pa, laser fluence of 1.0 J cm-2 with a 
repetition rate of 2 Hz. 
• Investigation of the thickness dependence on the superconducting critical temperature 
reveals a critical thickness (~ 50 nm) below which thin films are partially or not 
superconducting (metallic). 
• Magnetic characterization of the films confirms that the suppression of 
superconductivity is not related to impurities (as commonly observed in the literature 
for Sr2RuO4 single crystals) such as RuO2, SrRuO3, Sr3Ru2O7 or Sr4Ru3O10. 
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• The correlation between the analysis of defects performed by X-ray diffraction and the 
electrical properties, shows a connection between in-plane misorientation “twist” and 
the lack of superconductivity observed on thin films below the critical thickness. 
• TEM g dot b analysis corroborates the results from X-ray diffraction, and identifies the 
nature of the dislocations associated to the larger degree of twist observed in metallic 
films, with in-plane screw dislocations. 
• In contrast to observations in the literature in another unconventional superconductor 
(YBCO), the out-of-plane misorientation “tilt” does not suppress the superconductivity 
on Sr2RuO4 thin films. 
• In addition, this work opens the possibility for further optimization of the growth of 
Sr2RuO4 thin films such as the investigation of the effect of the laser repetition rate. In 
this thesis it is observed on one thin film that doubling the laser repetition rate (4 Hz) 
reduces the degree of twist. If this correlation is confirmed, it would imply that 
superconductivity on Sr2RuO4 thin films can be achieved also below the critical thickness 
(> 50 nm). 
• Further optimization of the growth conditions on alternative the substrate Sr2Ru0.98Ti0.02O4. 
Studying an alternative substrate with an improved out-of-plane mismatch can contribute 
to the reduction of defects on the film occurring at the interphase; commonly observed 
when using LSAT. Since this project already succeeded on the growth of metallic, single-
phase Sr2RuO4 thin films on Sr2Ru0.98Ti0.02O4 substrates, we believe that with an additional 
refinement superconductivity could also be achieved on this alternative target.  
• Investigating the growth of Sr2RuO4 thin films on the alternative substrate Sr2TiO4 crystals. 
In this work, the preparation of Sr2TiO4 crystals fabricated by Prof. Y. Maeno is presented. 
However, the challenge relies on the fact that the single crystalline regions, that make them 
ideal substrates for Sr2RuO4 based on the good lattice matching, have a reduced size.  
After reflecting about the successful results on the optimization of the growth conditions 
achieved (Chapter 4 and 5), when going back to the initial work (Chapter 3), we consider that 
a few points should be included as learned experience: 
• Electrical characterization using Au contacts. The initial electrical characterization of 
the films shown in Chapter 3 is performed directly by placing the contacts on the 
surface. Based on the lack of homogeneity that the thin films have; the results are very 
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dependent on the location of the electrodes. This could have been avoided by depositing 
electrical contact as on the films on Chapter 4 and 5. 
• Study of the laser fluence. As shown in Chapter 4, the laser fluence is one of the 
determinant parameters to achieve single phase of Sr2RuO4. Therefore, the 
investigation of the effect of the laser fluence on the thin films of Chapter 3, could 
have helped in the reduction of impurity phases. 
• Control of the thickness. Chapter 5 summarizes the effect of the thickness on the 
superconducting properties, highlighting the existence of a critical thickness (~ 50 nm) 
below which the superconductivity is suppressed. In Chapter 3, most of the films are 
deposited with a  fix number of pulses, and with the main focus on the reduction of the 
impurity phases and its correlation with the electrical properties. A careful control over 
the thickness could have led to the observation of superconductivity if the films were 
thick enough. 
Besides the growth optimization, it would be of interest to investigate the superconducting 
symmetry by performing experiments that were limited in the past by the use of single crystals. 
For instance, with measurements that are sensitive to the superconducting symmetry, such as 
Josephson junctions of Pb/SRO214/Pb. Since Pb is a conventional superconductor (s-wave), 
when coupled to SRO214, a drop in the critical current should be expected below the Tc of 
SRO214 due to the symmetry incompatibility. This experiment was performed by R. Jin et al.38 
and later re-investigated by R. Nakagawa et al.10 However, in both cases, the Josephson 
junctions were fabricated with SRO214 single crystals that contained Ru inclusions 
(superconducting below 3 K) which could have interfered with the electrical contacts and affect 
the results. Therefore, we believe that it would be of interest to remove the variability of Ru by 
replacing the single crystal with SRO214 thin films.  
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